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Abstract
Lack of water availability is a global crisis. Many arid countries are turning to desalination
technologies in order to fulfill their water needs. Hypersaline water, brine, is the byproduct of
desalination and can be dangerous to the environment if disposed of in an unsustainable
manner. Research surrounding brine management focuses on improved methods of direct
disposal, strategies of volume minimization, and reuse strategies. However, the mentioned
brine management methods revolve around chemical and mechanical techniques requiring high
technological skills, know-how and energy. This thesis aims to find biological solutions that
use brine, with minimum resources, in low-cost, low-energy conditions to generate economic
value and to minimize the negative effects of brine by attempting to reducing brine salinity.
After conducting a thorough literature review, two possible organisms, with the potential of
living in brine, algae and Artemia were selected. Different algae species are able to withstand
high saline environments and uptake minerals from concentrated solutions; thus decreasing its
overall salinity. Artemia sp. thrives in high saline conditions producing cysts of large economic
value. This thesis aims to demonstrate that Artemia can live in brine and is a viable method for
revenue generation and that the algae species Nannochloropsis sp. can also be adapted to live
in brine and uptake nutrients, somewhat decreasing the salinity of brine. The Artemia and algae
biomass can be sold, generating additional economic benefits and minimizing the cost of such
a system, thus allowing for an economically, socially and environmentally safe way to utilize
desalination waste.
Marine microalga Nannochloropsis sp. was tested for its salt stress tolerance and salt
accumulation capability in mediums of sea salt and brine with different concentrations and
nutrients. In sea salt experiments, the alga grew best in salinity 80,000 mg.l-1 with F/2 nutrients
where it reached an increase of 4-fold. In brine test BH with F/2 nutrients, excluding the vitamin
stock solution and substituting NaNO3 with urea, the alga was able to reach a higher growth
of 5-fold. Salt accumulation was minimal and thus will not decrease the TDS of brine.
Nevertheless, the optimum conditions for growth of Nannochloropsis sp. in brine were
identified, the biomass may be utilized for biofuel production, to generate economic value.
Artemia experiments demonstrated the organism’s ability to survive in brine. The Artemia was
able to survive for two months in a medium of 100% brine, indicating that a larger brine project
may be conducted using this organism to generate economic value.
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Chapter 1 Introduction
1.1 Global Water Situation
Water is an incremental aspect of life, it makes up 71% of earth’s surface (USGS 2016; USGS
2018). Global water scarcity has been raised as a main issue in the 20th century. Water scarcity
is the “point at which the aggregate impact of all users impinges on the supply or quality of
water under prevailing institutional arrangements to the extent that the demand by all sectors,
including the environment, cannot be satisfied fully” (UNDESA 2015). Scholars have assessed
this scarcity though measurements of water shortage, low water availability per capita, and
water stress, high consumption relative to availability (Kummu et al., 2016; Rijsberman, 2006;
Y Wada, Van Beek, & Bierkens, 2011; Yoshihide Wada et al., 2011).
Water shortage is illustrated in the global water distribution. Oceans hold 96.5% of the total
water available on earth in the form of saline water. The remaining 3.5% are divided between
glaciers, ice caps, groundwater, permafrost, rivers and other sources (Shiklomanov 1993;
USGS 2016). A small fraction of global water is readily available for direct consumption
causing an array of fluctuations between supply and demand. Water shortage is greatly
accented in the arid region of the Middle East and North Africa as it receives 1.1% of the global
renewable water resources and houses 4.4% of the world’s population (FAO, 2016). The actual
renewable water resources available per capita is below the absolute waster scarcity levels,
refers to a drop of below 500m3 per person (UNDESA 2015), in the regions of South Asia and
the Middle East and North Africa, presented in Figure 1.1 (The World Bank, 2007).

Figure 1.1 Global Renewable Water resources available per capita per region

As assessment of water stress conducted between the years 1960-2001 showed that global
stress levels increased drastically. In 1960 water stress level was calculated to affect 27% of
1
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the global population, by the year 2000, 43% of the global population was living under water
stress conditions (Y Wada et al., 2011). A more recent study, estimates that 66.7% of global
population experiences severe water scarcity for one month of the year. It also reported that
half a billion people are facing severe water scarcity throughout the whole year (Mekonnen &
Hoekstra, 2016). Reasons deduced for this great increase point to increased water demand,
primarily in the irrigation sector, where demand doubled during the last 50 years. Increased
demand is also a result of changes in water consumption patterns as society evolves (Kummu
et al., 2016; Mekonnen & Hoekstra, 2016; Yoshihide Wada et al., 2011).
Counties are adopting strict water management strategies to combat water scarcity and ensure
a balance between supply and demand. Cases of reduced consumption, water reuse and
technological intervention for water extraction are becoming exceedingly common. In
CapeTown’s three-year long drought, a stringent water budget was set per person per day, 70
liters as of October 2018 (Cape Town Government, 2018). Fines for excess water use are
explained in detail on the government website encouraging citizens to follow the specified
water budget (Cape Town Government, 2018). This water rationing technique allowed CapeTown to thwart predictions of reaching Day Zero in April 2018 and in June 2018. Water reuse
mechanisms have become a significant aspect in most countries’ national water strategy
(Lazarova et al., 2001). Varying from small scale initiatives like gray water reuse for toilet
flushing and irrigation to large scale projects like the reuse of agricultural drainage water and
others (Department of Water Affairs, 2011; Shirazi & Arroyo, 2010). Globally, desalination
technologies are seen as a means of combating water scarcity (Gude, 2017). Desalination
technologies constitute the majority of future water management strategies in the middle East
and North Africa (Wali 2014; IDA 2018; ESCWA 2009).
Desalination has steadily grown worldwide during the past years. Over 150 countries currently
practice desalination, having 18,426 (2015) operational plants with a capacity of about 86.5
million m3/day. Figure 1.2 presents the share of sources of desalination worldwide, seawater
desalination constitutes 59% of global desalination installations. Of all desalination
technologies installed, RO technology holds the greatest share, 65%, Figure 1.2 (Cohen,
Semiat, & Rahardianto, 2017).
Fifty-four percent of desalination stations are located in the Middle East and North Africa. The
largest number of plants are located along the Arabian Gulf, accounting for 45% of daily
production worldwide. The total capacity produced along the Mediterranean Sea and the Red
2
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Sea make up 17% and 14% of the worldwide capacity, respectively (Ameen, Stagner, & S-K
Ting, 2018; Xevgenos et al., 2016).
Due to the large availability of fossil fuels, about 90% desalination production in the Gulf
Region originate from thermal processes (Xevgenos et al., 2016). Such a case is different for a
country like Egypt with low fossil fuel reserves. In a country where energy is expensive, more
recent desalination technologies focus on the use of RO technologies.

Figure 1.2 Absolute Scarcity refers to a drop of below 500m3 per person (UNDESA 2015)

1.2 Localizing the situation: Egypt
This study narrows down from a global water phenomenon to a national water phenomenon
with a focus on Egypt. Geographically, Egypt’s northern and eastern borders are coastlines of
the Mediterranean Sea and the Red Sea. The country is gifted with the Nile River, which is the
main source of its fresh water. As per the Nile Basin agreement in 1959, Egypt’s water quota
is 55.5 billion cubic meters per year (EEAA 1999). Despite continuous government efforts,
Egypt became a water scarce country in 2004 reaching an average of 950m3 per capita per day.
Early estimates show a continued decrease to 600 m3 per person per by 2025 (Shawky, 2016).
Nevertheless, actual figures demonstrate that Egypt’s water scarcity situation has escalated
greatly reaching a near absolute scarcity level of 570m3 per person per year in 2018 (Samir,
2018). Some of the main challenges facing Egypt’s water security are; agriculture, population
increase, transboundary situation and most recently climatic factors (Abdelkader et al., 2018;
Allam & Allam, 2007; Egyptian Environmental Affairs Agency, 2010; Fleifle et al., 2013;
Ibrahim & Ibrahim, 2003; Nashed, Sproul, & Leslie, 2014; H. Yang & Zehnder, 2002).
Like many developing countries, the largest water consumer in Egypt is the agricultural sector
(Fleifle et al., 2013). Between the year 2012-2013 it was estimated that Egypt’s agricultural
sector employed 55% of the population, consumed 80% of Egypt’s Nile water budget and
3
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contributed to about 13.5% of the GDP (EEAA 2016). Despite pontifical interference to
promote change (Allam & Allam, 2007), the majority of Egyptian farmers use the techniques
of flood or furrow irrigation. Flood or furrow irrigation is a cheap, conventional method of
over-flooding the land and draining the excess water. These methods require the highest
volume of water per area comparing to any other irrigation method; however, they are still
commonly used due to the relatively high cost of other irrigation methods coupled with usage
of free water. A main strategy adopted to tackle water scarcity includes the reuse of agricultural
drainage water (Barnes, 2014; Fleifle et al., 2013). One such example can be found in the
“shark al-tafre’a”, a canal that was built in the Western Delta allowing the agriculture drainage
water to gather in one area. Efforts of reuse have simply not been enough to offsets Egypt’s
water deficit especially with the continuous increase in population. Strategies to avert water
scarcity though virtual water in food imports have also been proposed by several scholars
(Chapagain, Hoekstra, & Savenije, 2006; H. Yang & Zehnder, 2002). More recent studies have
proposed using desalination technologies directly for the purpose of irrigation, thus opening a
new field of great potential (Nasr & Sewilam, 2015).
It was noted in the work of Abdelkader et al. that “in order to solve Egypt's water and food
problem non-water-based solutions like educational, health, and awareness programs aimed at
lowering population growth will be an essential addition to the traditional water resources
development solution” (Abdelkader et al., 2018, p. 1). This study’s conclusion highlights the
importance of population increase and the country’s demographic situation as a contributor to
water scarcity. Census results show a gradual increase in the country’s population growth rate
by 2.5% per year. In 2017, Egypt had a total population of 104 million, 91% of which live in
Egypt (CAPMAS 2017). Water resources have become increasingly scarce and rising
population will continue to add to the imbalance that is already present.
The inexistence of a solid institutional framework and the transboundary tension between the
Nile Basin Countries; especially between Egypt, Ethiopia and Sudan, may threaten water
availability in Egypt is. Allam and Allam (2007) conducted a political analysis of the
institutional and legislative frameworks governing water management in Egypt. They came to
a conclusion that there is great inadequacy in both frameworks in regard to water management
which may result in increased water issues (Allam & Allam, 2007). Ethiopia is currently in the
final stages of building the Renaissance Dam, a mega-project that is predicted, by some, to
decrease the river flow to Egypt (Nashed et al., 2014). Since the country is already facing
absolute water scarcity, any further decrease in river flow may have drastic effects.
4
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Another factor adding to the pressure of water scarcity are climatic conditions. The
Intergovernmental Panel on Climate Change (IPCC) declares that ‘water and its availability
and quality will be the main pressures on, and issues for, societies and the environment under
climate change’ (WWAP 2012). The United Nations World Water Development Report 4,
highlighted that the impact of climate change would most strongly be felt through changes in
the distribution of water, its seasonal and annual variability. This statement is reaffirmed by
several modeling studies conducted to assess water scarcity under climate change for different
regions (Gosling & Arnell, 2016). This case is also echoed in a study presented by Egypt in the
second United Nations Framework Convention on Climate Change (UNFCCC 2) of 2010. The
study portrayed different Nile flow scenarios under changes in temperature, changes in rainfall,
and both combined. Out of the 10 scenarios proposed only one showed an increase of water
flow due to climate change (Egyptian Environmental Affairs Agency, 2010). With a 90%
probability of decrease in the river Nile flow, Egypt’s water crisis may escalate.
In January 2013 a ‘Proposed Climate Change Adaptation Strategy for the Ministry of Water
Resources & Irrigation in Egypt’ was established (Nour El-Din, 2013) with a $50 billion budget
(Samir, 2018). The proposal establishes an action plan for the adaptation of the water resource
sector. The strategy includes the construction of desalination plants, development of groundwater wells, increase rainfall harvesting and increased agricultural drainage water re-use.
Egypt’s efforts have increased the country’s water; nevertheless, the estimated water demand
is 90 billion m3, leaving Egypt 30 billion m3 short (Nassar, 2018). As a means of adapting to
this water crisis, the government of Egypt allocated a budget of 70 billion Egyptian pounds to
tackle issues of water scarcity (Nassar, 2018). A keen interest was taken in desalinated
technology. Nineteen desalination stations are set to be fully operational by the end of 2019,
one of which is planned to be the biggest in the world (Egypt Independent, 2018).

1.3 Desalination in Egypt
Egypt currently houses more than 51 desalination plants; many of which are government
owned. Other owners include businessmen and touristic companies. Of the 51 desalination
plants 12 are located inland and 39 are located along the coastline. This obvious difference
highlights the country’s focus on seawater desalination. Seventeen of the seawater stations are
located along the Mediterranean Sea and 22 are located along the Red Sea1. The most common
desalinations technologies are Thermal Desalination and Membrane Desalination. Thermal
1

Figures were obtained through a semi-structured interview with Dr. Mahmoud Raslan. Head of Water Holding
Company, Cairo, Egypt.
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desalination focuses on the use of heat as a means of extracting salt from water, they include
Multi-Stage Flash, Multiple-effect Distillation and others. Membrane desalination technologies
focus on the use of membranes to separate the salt from water, they include Reverse Osmosis
(RO), Forward Osmosis and others. Reverse Osmosis desalination stations consume less
energy than thermal desalination stations, presented in Table 1.1. RO desalination uses
approximately 3-5 kWh/m3 of electrical energy, if energy recovery exists, or 7-10 kWh/m3 of
electrical energy, without energy recovery. The thermal desalination process of MED uses 2.53 kWh/m3 of electrical energy and 190-290kj/kg of thermal energy (Bilton, Wiesman, Arif,
Zubair, & Dubowsky, 2011).
Table 1.1 Energy consumption of common desalination processes

Desalination Process

Thermal

Energy Electrical Energy

(kJ/kg)

(kWh/m3)

Multi-stage flash (MSF)

190-290

4-6

Multi-effect distillation (MED)

150-290

2.5-3

Vapor compression (VC)

-

8-12

Reverse Osmosis (RO) without energy -

7-10

Seawater

recovery
Reverse Osmosis (RO) with energy -

3-5

recovery
Brackish water
Reverse Osmosis (RO) with energy -

1-3

recovery
Reverse Osmosis (RO) without energy -

1.5-4

recovery
-

Electro-dialysis

1.5-4

There are no thermal desalination plants in Egypt, all desalination plants are membrane based
and all adopt RO technology. Moreover, the capacities of RO stations along the coastlines 36
(seawater reverse osmosis (SWRO) desalination stations) are much larger than inland RO
stations, 12 (brackish water reverse osmosis stations (BWRO)). Future plans in Egypt include
the consolidation of 20 SWRO stations by the year 20201. Having chosen the option with a
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lower energy demand desalination stations in Egypt are favorably leaning towards sustainable
standards. However, the process of desalination includes several other drawbacks that are
extremely important, such as the copious volume of wastewater produced (Reject Brine).

1.4 Unprecedented consequences a perfect solution
The desalination process produces hypersaline wastewater known as brine. Brine varies in its
degree of salinity and temperature based on the initial feed into the plant and the type of
desalination technology used. It was identified, in section 1.2, that RO seawater desalination
stations are the most abundant in Egypt, in terms of numbers and capacities. This section
provides background information about brine originating from RO seawater desalination
stations and its negative impacts.
Based on salinity of the seawater fed into the plant, brine may vary in concentration starting
65,000 mg.L-1 to 85,000 mg.L-1 (Lattemann & Höpner, 2008). The typical properties of RO
brine can be found in Table 1.2. In Egypt’s current desalination plants, brine is typically
disposed of in deep wells or in the sea (Batisha, 2007). Both these cases were condemned by
the Ministry of Environment and the Ministry of Water Resources.
When disposed of in the sea, brine has direct and indirect negative impacts on the environment
due to its high salinity. Direct impacts include density current and plume. Density current
occurs due to the difference in density between brine and sea water. This causes brine to sink
to the sea bed and flow until dilution. The second issue is plume, which is foaming that occurs
at the sea shore due to the high difference in salinity. This foam can negatively impacts the
marine creatures living in such areas (Cooley, Gleick, & Wolff, 2006; Missimer, Maliva, &
Whitaker, 2018). Indirect impacts focus on the long term effect that brine may have to the
surrounding sea. Furthermore, it is estimated that a flux of hypersaline water in marginally
closed seas or in highly sensitive marine areas with several operating stations, such as the
Mediterranean Sea, the Red Sea and the Arabian Gulf, can increase the overall salinity of the
sea (Lattemann & Höpner, 2008). Altering the salinity of the sea may drastically change the
ecosystem of sensitive marine species having unprecedented consequences on the food webs
of different species. Several studies have assessed the impact of brine on marine creatures
within the set proximity from a desalination plants outlet (Ameen et al., 2018; Fuentes-Bargues,
2014; Missimer et al., 2018). However, no solid conclusion could be drawn as such impacts
may have long term consequences that are not yet determined.
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Unlike thermal desalination stations, brine from RO desalination stations includes substances
like antiscalants and other chemicals that help wash and protect the membranes. Such
chemicals may also cause harm to the marine ecosystem altering the life of species. However,
similar to the indirect salinity impact, the effect of sealants on marine creatures is undetermined
as it is a long term consequence that is not yet visual (Elimelech & Phillip, 2011; Missimer et
al., 2018; National Research Council, 2008). Nevertheless, adopting the concept of sustainable
development as mentioned in the World Commission on Development and Environment in
1987, it is “development that meets the needs of the present without compromising the ability
of future generations to meet their own needs.” Since the effects of brine on marine ecosystems
is unknown, it is therefore not considered sustainable to damage something that may deter
future generations’ ability to use it.
Table 1.2 Properties of RO Brine, adopted from: (Lattemann and Höpner 2008)

RO
Physical Properties
Salinity
Temperature
Plume density
Dissolved Oxygen

Up to 65,000–85,000 mg.L-1
Ambient seawater temperature
Negatively buoyant
If well intakes used: typically, below ambient seawater
DO because of the low DO content of the source water.
If open intakes used: approximately the same as the
ambient seawater DO concentration.
Biofouling control additives and by-products
Chlorine
If chlorine or other oxidants are used to control
biofouling, these are typically neutralized before the
water enters the membranes to prevent membrane
damage
Halogenated organics
Typically low content below harmful levels.
Removal of suspended solids
Coagulants
May be present if source water is conditioned and the
filter backwash water is not treated. May cause effluent
coloration if not equalized prior to discharge.
Coagulant aids
May be present if source water is conditioned and the
filter backwash water is not treated.
Scale control additives
Antiscalants
Typically low content below toxic levels.
Acid (H2SO4)
Not present
Foam control additives
Antifoaming agents
Not present
Contaminants due to corrosion
8
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Heavy metals
Cleaning chemicals
Cleaning chemicals

RO
May contain elevated levels of iron, chromium, nickel,
molybdenum if low-quality stainless steel is used.
Alkaline (pH 11–12) or acidic (pH 2–3) solutions with
additives such as: detergents (e.g. dodecyl-sulfate),
complexing agents (e.g. EDTA), oxidants (e.g. sodium
perborate), biocides (e.g. formaldehyde)

1.5 Research Question
Brine management has gained substantial awareness worldwide. Methods of management
range from volume reduction to reuse techniques. In developing countries, a new brine
management technique using biological processes was adopted on a pilot scale (Sánchez,
Nogueira, & Kalid, 2015). In Egypt, SWRO is disposed of in the sea. The main research
question posed in this work is: How to sustainably manage brine in an Egyptian context? How
can its effects be mitigated? Throughout this research two potential solutions were tested, with
minimum resources and in low-cost low-energy conditions, that may generate economic value
and decrease the salinity of brine making it more environmentally friendly.

1.6 Research Objective
The principal objective of this study is to design several experiments to assess the feasibility
of using different biological species to manage brine, making it more environmentally friendly.
Algae is chosen as one of the organisms to be tested in this thesis. Algae is a very environmental
friendly and economically profitable organism. It is able to grow very rapidly and sequestrate
CO2, which counteract emissions produced by desalination stations. Moreover, depending on
the species, algae may be utilized in a wide variety of ways, ranging from human supplements
and skincare products to oil and biofuel generation (Chapman, 2013; Sayre, 2010). The species
Nannochloropsis sp. was chosen due to its ability to survive under salt stress, its ability to
uptake nutrients and its availability in the local environment (Martínez-Roldán, Perales-Vela,
Cañizares-Villanueva, & Torzillo, 2014). The second organism chosen is the Zooplankton
known as Artemia. Artemia is naturally present in salt lakes indicating that the organism can
survive extreme salt stress conditions (Lavens & Sorgeloos, 1996). The organism is very
economically valuable and is mainly used as feed for aquaculture, fish and shrimp. The growth
of Artemia in desalination brine has not been reported in literature; however, the species holds
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great promise as the salinity of desalination brine does not exceed that of the Artemia’s natural
living conditions.
Throughout this research, a series of tests were conducted on Artemia sp. and Nannochloropsis
sp. aiming to sustainably manage desalination brine though generating economic value and
possibly decreasing salt content in the water making it more environmentally friendly.

1.7 Thesis Structure
This thesis is divided into eight chapters with the following structure.
1. Chapter one of this thesis outlined the problem scenario. The chapter highlights the
importance of brine management and the need for new management strategies that
could fit better to the Egyptian context.
2. Chapter two consists of a comprehensive literature review that dives deep into
mechanisms of brine utilization. The chapter is divided into two main sections, the first
sections describes the most common brine management technologies available
worldwide. The second section proposes a collection of biological management
strategies that may be used for brine management. This section explores the possibility
of different organism growth in brine. An organisms’ potential and feasibility for
growth in brine is determined by the organism’s description, growth potential and
utilization techniques.
3. Chapter three details the materials and methods used to test different brine management
techniques. The chapter is divided into two main sections; Section One: describes all
the materials used in the different experiments that were conducted and Section Two:
describes the methods followed in each of the five experiments conducted.
4. Chapter four portrays the results of the five experiments. An eloquent discussion
follows the results justifying and highlighting several factors.
5. Chapter five, covers the conclusion and future works.
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Brine Management Techniques (Literature Review)
Having observed that brine is harmful to the environment (section 1.4), this chapter explores
sustainable and environmentally-friendly methods for its utilization. This chapter is divided
into three main sections. The first section highlights the most common current brine
management techniques. The second section analysis different biological management
techniques proposing the utilization of different organisms. The chapter concludes with a
selective approach to determine the most suitable organisms that may have the greatest effect
on reducing the harmful impact of SWRO brine making it more environmentally friendly.

2.1 Current Brine Management Techniques
This section combines the efforts of several scholars drawing a full picture of brine
management techniques used worldwide. It is divided into three sub-sections describing
Improved methods of discharge, Minimization strategies and Reuse applications, respectively.
These three aspects were presented several times in literature and are the most common brine
management strategies.
2.1.1 Improved methods of Discharge
As mentioned in chapter one, the most common method of seawater brine disposal is to the sea
(Purnama, Al-Barwani, & Al-Lawatia, 2003). Several studies have proposed mechanisms of
discharge that will minimize the negative effects of the density current and plume, thus
allowing for improved, more sustainable, disposal of brine (Bleninger & Jirka, 2008; Purnama
et al., 2003). Inland brine is most commonly disposed of in the land surrounding the
desalination plant (Batisha, 2007). Strict regulation is needed to ensure that the brine does not
infiltrate potable aquifers. Regulations to improve inland disposal and minimize its negative
effects have been noted by (Afrasiabi & Shahbazali, 2011; Giwa et al., 2017). Other discharge
methods are presented Table 2.1 explaining their advantages and disadvantages. While some
of these methods may be promising, based on a plants location and budget, they may be
incapable of dealing with large volumes (Afrasiabi & Shahbazali, 2011). Therefore, this section
details improvements to direct discharge into the sea and on land.
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Table 2.1 Reject Brine Discharge methods; advantages and disadvantages. Adopted from (Afrasiabi & Shahbazali, 2011)

Method
Sewer

Scale
Commercial

Land
application

Commercial

Evaporation
pond

Commercial

Major Advantages
Sanitary sewer discharge
of a small volume of
concentrate usually
represents a low cost
disposal method (with
limited permitting
requirements)
Land application can
provide a beneficial reuse
of water when membrane
concentrates are applied to
vegetation, such as
irrigation of lawns, parks,
or golf courses

Solar evaporation is a
viable alternative in
relatively warm, dry
climates with high
evaporation rates, level
terrain, and low land costs

Major Drawbacks
This method is not feasible if
the concentrate mixture is
toxic and does adversely affect
the clarifier settleability or
restrict final effluent disposal

In general, land application is
used only for smaller volumes
of concentrates. These options
are frequently limited by
availability of land and/or
dilution water. They may also
be limited by climate in
locations where land
application is not possible year
round
With little economy of scale,
evaporation ponds ae usually
used only for small volume
concentrates, Regulations
typically require n impervious
lining and monitoring wells,
which will increase costs of
evaporation ponds

Brine Discharge into the sea
Discharge into the sea is the most common method for dealing with brine. Since brine has a
salinity higher than that of sea water it will sink to the bottom of the sea damaging the sea bed
ecosystem. The effect of brine conglomeration at the seabed slows the mixing required to dilute
the effect of the brine’s high salinity. This method of discharge can be improved by mixing
brine or diluting it, before or at the point off discharge. To determine which method is more
suitable pretreatment is often carried out in regards to the concentrate properties and receptor’s
characteristics. Upon this analysis it is determined if the brine has to be mixed or diluted.
In the case of dilution, studies have detailed some improvements for direct disposal of brine
into the sea. The conventional disposal methods include open channels or submerged jets
directed at an angle of 60° to the horizontal. However, Bleninger and Jirka (2008) found that
an angle of 30° to 45°, Figure 2.1, above the horizontal had several advantages. Advantages
include better dilution levels, better offshore transport of mixed effluent in weak currents, and
the ability to locate discharge in the shallower waters near the shore. Nevertheless, it was found
12
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that, even after the strong initial jet mixing, heavy effluent sinks to the seabed and develops a
density current (Bleninger & Jirka, 2008).
Mixing brine in other mediums can also reduce its negative effect. Brine can be mixed with
treated wastewater in the sewer system, or with spent cooling water from power plants (Giwa
et al., 2017). However, this largely depends on the location of the desalination stations and may
not be feasible for large volumes.

Figure 2.1 Schematic diagram showing the greater dilution rate of brine ejected from a submerged
jet as compared to open channel discharge (Bleninger and Jirka 2008)

Injection into deep wells
In the case of inland desalination stations brine discharged on land can threaten the salinity of
groundwater aquafers. Injection into deep wells is a plausible discharge method (Afrasiabi &
Shahbazali, 2011); however, strict regulations have to be followed to ensure that the brine does
not intrude fresh ground water aquifers.

Figure 2.2

implementation of an injection well.
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Injection should occur between impermeable rock zones to decrease the chances of spreading
and infiltrating aquifers. Areas prone to earthquakes are not used for deep well injection since
faults may connect the injection aquifer with a potable aquifer. Due to the many layers and
strict injection conditions this disposal method is expensive. It is mostly used for the discharge
of large volumes of brine where economies of scale balance the cost (Afrasiabi & Shahbazali,
2011). A surprising sustainable advantage could be gained if brine was injected into depleted
oil wells. It was found that “brine injection was a viable form of pressure recovery approach
for all wells,”(Giwa et al., 2017). Nevertheless, this benefit is very circumstantial as it depends
on the locations of the desalination plant and the oil well.

Figure 2.2Well injection system. Source: (Afrasiabi and Shahbazali 2011)

2.1.2 Minimization strategies
Minimization strategies are focused on concentrating brine as much as possible to decrease the
volume of discharge available. Volume decrease allows the brine to be easier managed.
Table 2.2

presents the techniques used to minimize brine volume. Minimization strategies are

divided into two main categories, membrane based and thermal based. Membrane based
14
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strategies focus on the use of membranes to decrease the volume of brine. Thermal based
strategies focus on the use of thermal technologies for volume reduction. A few of these
methods are explained in more detail throughout this section.
Table 2.2 Compiled list of minimization technologies. Source: (Afrasiabi & Shahbazali, 2011; Giwa et al., 2017; Morillo et
al., 2014)

Membrane based minimization strategies Thermal Based minimization strategies
Chemical Pretreatment (ICD)

Wind aided intensified evaporation (WAIV)

Electro-kinetic treatment and ion exchange

Brine concentrators

Biological techniques

Ohmic evaporator

Vibratory shear enhanced processing

Brine crystallizers and spray driers (EFC)

(VSEP)
ED (EDR and EDM and BMED)

Multi-effect distillation (MED)

Forward Osmosis

Membrane distillation (MD) – (VEDCMD)

Membrane distillation (MD)
RO-NF integrated system

Membrane Based- Chemical Treatment
Chemical Treatment is usually carried out in membrane desalination plants; primarily RO
plants. Reject brine from the first RO stage is chemically treated to remove metals and scalants
like Ca2+, Mg2+ and Ba2+. The treated brine then enters the second RO stage reaching a higher
water recovery and decrease membrane fouling. The main technology used in chemical
treatment is the intermediate chemical demineralization (ICD) (Afrasiabi & Shahbazali, 2011).
ICD is carried out in an alkali-induced solid contact reactor at pH 10. “The solid contact reactor
contained 30% sodium hydroxide for alkali-induced precipitation of the scaling precursors.
This pretreatment helped to increase overall water recovery from 83% in the primary RO to
above 95% in the secondary RO stage”(Giwa et al., 2017).
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Some chemical treatment systems could include ICD and filtration. Figure 2.3 shows an ICD
system with a solid contact reactor and filtration process. This process is available at the
desalination plant in Colorado River. Results show an increase from 85% to 95% in the second
RO phase (Morillo et al., 2014).

Figure 2.3 Chemical treatment ( dual-media ﬁltration; MF: microﬁltration; SCR: solid contact reactor; WQ: water quality)
Source: (Morillo et al., 2014)

Membrane Based- Electro-Dialysis
Electro-Dialysis is another main treatment process
used to remove scaling ions from brine thus
minimizing its volume. ED is driven by electrical
potential and ion exchange membranes that are
impermeable to water. This allows the attraction of
dissolved ions leaving behind the water. In the case
of ED, ions are extracted from the solution leaving
behind the water, unlike other membrane processes
where water is extracted from the solution
(Sadrzadeh & Mohammadi, 2008). Figure 2.4 shows
an ED membrane set up with electrodes on both
sides. The main disadvantage of this process is

Figure 2.4 ED cells showing lining of several membranes
to concentrate RO rB. Source (Giwa et al., 2017)

scaling, which happens within 80 minutes of operation. Scaling can be decreased by the use of
pellet reactors; however, it is not efficient in removing calcium. The use of gypsum seeds was
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proposed as an alternative to increase the removal of Ca, resulting in a more concentrated brine
solution (Kucera, 2014).
Membrane Based- Biological Treatment
Biological treatment is the use of organic compounds to break down scaling found in the brine.
For example, sulfate-reducing bacteria was used to reduce sulfate in RO concentrate (Giwa et
al., 2017). Biological removal of sulfate has also been investigated using granular activated
cabrineon and fluidized bioadsorber reaction systems (FBBR). It proved to be a reliable,
effective and cost-efficient technology, able to remove sulphate with a high recovery rate of
95%. It can also be used to remove ammonia and reduce the dissolved components in the
concentrate through denitrification. Nevertheless, if heavy metals were abundant in the brine
concentrate, using the use of FBBR is not recommended, since heavy metals inhibit microbial
activity. In such a case the use of granular activated carbon is preferred, as it can absorb heavy
metals. Moreover, when biological activated carbon was used as a pretreatment, it was able to
achieve 15-27% removal of TOC from RO brine (Afrasiabi & Shahbazali, 2011).

Membrane Based- Forward Osmosis
Forward Osmosis is sometimes used as a second step after RO to further concentrate brine.
Similar to RO, FO is a membrane process. However, while RO is a pressure-driven process
there is no, or little, applied pressure to an FO system. Concentration occurs in the FO process
as a result of the difference of osmotic pressures between the draw and the feed solutions.
Therefore, a strong draw solution could be used to concentrate the RO brine further. Figure 2.5
shows the setup used by Martinetti et al. A typical RO pilot system was integrated with benchscale FO membrane. The concentrate from the RO system was used as a continuous draw
solution in the FO process. Due to a difference in the osmotic pressure waters flows from the
feed to the draw solution, diluting it before re-entering the RO system. RO streams with total
dissolved solid concentrations between 7.5 and 17.5 g/L were studied. “The concentrations
were desalinated using the FO process with a constant-concentration draw solution of 50 g/L
NaCl. The process achieved recoveries up to 90%” (Martinetti, Childress, & Cath, 2009).
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Figure 2.5 Further concentration of RO using FO process. Source: (Martinetti et al., 2009)

Thermal Based- Wind-aided intensified evaporation
Wind-aided intensified evaporation (WAIV), presented in Figure 2.6, is a relatively new
technology. It focuses on maximizing the evaporation capacities of brine by vertically wetted
hydrophilic materials. This technology reduces land requirements and has an evaporation rate
ten times that of evaporation ponds. A WAIV system operates by having pressurized air
sprayed on the evaporation fabrics. The evaporation fabrics used in this process are hydrophilic
to control the water vapor in the air (Lesico CleanTech, 2014). The use of non-woven
geotextiles is recommended in this system, as they contain internal elements allowing the
material to be sensitive to blockage. This method is also feasible for salt collection through the
“enrichment of magnesium relative to sodium ion for a mineral concentrate brine with initial
TDS 25%” (Katzir et al., 2010). Furthermore, “this process is more economical than
conventional RO (88%) and brine disposal by 20,000-40,000 €/y for a paint producing 2,400
m3/day, (Katzir et al., 2010).
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Figure 2.6 Example of a running WIAV in Cotton Tree, Queensland, Australia. Source: (Lesico CleanTech, 2014). Left Model of
WIAV. Source: (Katzir et al., 2010)

Thermal Based- Ohmic evaporator

An Ohmic evaporator works by creating heat from current. An alternating electric current,
frequency 60Hz, is passed through a conductive material of very high resistance. This results
in a phenomenon known as Ohmic heating of the material and creates an electrical field
strength of 24, 56 and 87 V/cm (Assiry, 2011). The process has a high recovery rate of 8193.5% working on an electric field of strength 56 V/cm. Nevertheless, the Ohmic evaporator
economic feasibility in terms of energy is yet to be determined; Assiry’s study in 2011, showed
the application of the evaporator and recommended that future studies alter the system to reduce
energy requirements making the whole process economically feasible.
Thermal Based- Brine crystallizers and spray driers
Brine crystallizers and spray dryers are brine treatment methods based on a thermal approach.
Crystallization is the process of desalination using freezing. Eutectic Freeze Crystallization
(EFC) and Evaporative Crystallization are the main techniques used to crystalize brine. In the
EFC process the feed attains eutectic temperature to form crystals through the loss of heat. The
evaporative crystallization system functions by creating for a thermal exchange. Heat, supplied
by vapor compressor, is directed into vertical cylindrical vessels allowing for thermal
exchange, the evaporation of water and salt crystallizing on the concentrated solution. In
addition, “the primary (and recirculating concentrate) is heated up by vapor from the
19
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compressor in such a way that water is allowed to evaporate and salt would be made to
crystallize out of the concentrated solution,” allowing for water and energy recovery (Giwa et
al., 2017).
Thermal Based- Multi-Stage Flash
In a multi-stage flash system, the water feed flows through a long tube with many coils to allow
for a large surface area. The larger the area the larger capacity of vapor condensation. The feed
is heated and enters at the bottom of the container. Water vapor rises from each stage to reach
the cold tube above and condense. As the heated seawater moves from one cell to another the
pressure decreases. This causes the boiling point of seawater to decrease, as the water particles
are less densely packed and so the ability of separation is higher. These stages increase the
system’s efficiency as more vapor emerges from the heated water decreasing the volume of
brine through each stage. Fresh water product is collected and brine is discharged into the sea
(Kucera, 2014).
A multi-stage flash system could also operate on a brine recycle mode, Figure 2.7, the system
would have two separate containers. The first of which will have seawater flowing through the
condensation tubes. The second container would have the recycled brine flowing in the
condensation tubes. This process requires more energy since there is extra pumping of the brine

Figure 2.7 Multistage Flash Brine Recycle Mode Source: (Kucera, 2014)

solution but it is cost effective as the costs of pretreatment management can be reduced. “In the
once-through process the process the whole of the feed flow must be pre-treated, in the brinerecycle mode only the so-called make-up flow is treated” (Kucera, 2014).
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2.1.3 Reuse Applications
Along with high concentrations of NaCl brine also contains considerably large amounts of ions
like Ca2+ and Mg2+ among others. Research has been carried out testing the ability to harvest
valuable ions from brine. These techniques include chemical precipitation, adsorption,
membrane and electrokinetic processes and crystallization and evaporation. Two of the most
important methods are described below.

Chemical Precipitation
The process of chemical precipitation is mainly carried out by sodium phosphate or sodium
carbonate. The use of sodium phosphate results in the recovery of 75% of calcium from RO
concentrate. Magnesium recovery from sodium phosphate reached a percentage of 24. The use
of sodium carbonate achieved a calcium precipitation from 690 mg.L-1 to 36 mg.L-1 in RO
concentrate. Magnesium precipitation by using sodium carbonate decreased from 2600 mg.L1 to 2375 mg.L-1. In an RO concentrate; for every kilogram of sodium carbonate used, 2kg/m3
of magnesium and calcium deposits were obtained (Giwa et al., 2017).

Crystallization and Evaporation
Selective Salt Recovery (SSR) is a crystallization approach that involves precipitation of
dissolved salts. Salts are precipitated due to temperature changes which cause alterations in salt
concentrations. Sometimes specific ions are selectively removed by that addition of an agent.
SSR operates in such a way that the quantity and quality of harvested products are of
commercial grade.
SSR technologies, using selective extraction, are also capable of recovering economically
profitable salts such as gypsum, calcium carbonate, sodium sulfate, magnesium hydroxide and
chlorides of calcium and sodium. The process then goes through cooling and evaporating which
would theoretically result in Zero liquid discharge ZLD of brine. There are several SSR
processes, the two most significant are brine concentrators and SAL-PROC. They are
economically sustainable as they would have otherwise been waste (Morillo et al., 2014).
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SAL-PROC process is one of the latest developments facilitating salt extraction and reaching
ZLD. “SAL-PROC is an integrated process for sequential extraction of dissolved elements
from inorganic saline waters in the form of valuable chemical products in crystalline, slurry
and liquid forms” (Morillo et al., 2014). The system, shown in Figure 2.8, has the capacity of
treating 822 m3/day to 7991 m3/day. “From an economic point of view, it was estimated that
by processing 405,000 m3/y of reject brine, commercial salts worth $895,000 could be
produced” (Morillo et al., 2014).

Figure 2.8 Simplified SAL-PROC process. Source: (Morillo et al., 2014)

Solar evaporation ponds are a useful tool for the production of salts. Salts produced from
evaporation ponds include potassium sulfate, potassium chloride, lithium sulfate, sodium
sulfate and boric acid (Giwa et al., 2017). However, they require large plots of land and increase
the threat of salt water intrusion of groundwater aquafers.
Table 2.3 shows a summary of some of the technologies discussed. The table combines
technical and economic observations as well as providing information regarding the stage of
development each technology has reached.
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Table 2.3 Summary of some technologies and their development status. Adopted from (Morillo et al., 2014)

Technology

Development Technical Observations
Status
Industrial
Large extents of land.
Scale
Simple operation. Possible
contamination of ground
water
Pilot Plant
Large extents of land
Scale
Possible contamination of
groundwater
50-90% higher evaporation
rate than evaporation ponds
Industrial
Technology available
Scale
More development needed to
reduce energy use

Economic Observations

Pilot Plant
Scale

Technically feasible for
treating brine from
desalination plants
Possible problems with
scaling cause by
precipitation of salts on
membranes

Two-stage
reverse
osmosis

Industrial
Scale

Technology available
Increase water recovery

Closed circuit
desalination

Industrial
Scale

Technology available
Increase water recovery

Forward
Osmosis

Pilot Plant
Scale

Simple technology. Recycles
76% of water when coupled
with reverse osmosis stems

Promising technology for
brine management
Can be couplet to residual
heat (available in
industrialized countries)
Higher energy
consumption relative to
energy use of reverse
osmosis, but less than
traditional evaporation
and crystallization
systems.
The energy cost is
affordable with energy
recovery systems. High
reagent dosage that
considerably increases
process cost
Higher capital costs due
to smaller permeate flow
for the same membrane
area
Low energy requirements
as compared to other
technologies

Evaporation
ponds

WAIV
technology

Evaporation
and
crystallization
systems
Membrane
distillation
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Possibility of salts
recovery. Low economic
cost
Possibility of salt
recovery. Low economic
cost

High capital cost and
operating cost
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Technology

Development
Status
Extensive
Research
Experience

Electrodialysis

Industrial
Scale

SAL-PROC
process

Patented
Not tested at
industrial
scale

ZLD
technology

Patented for
sea and
brackish
water

Integrated
processes

Pilot Plant
scale for
seawater

Industrial
Brine
adaptation for Scale
chlo-alkali
industry
Bench Scale
Metals
recovery

Technical Observations
Precipitation of salts on
membranes diminishes flow.
More development needed in
membrane technology
Problems with precipitation
on the electrodialysis
membrane
More than 10% of salinity
could be achieved in
concentrated brine.
Simple technology based on
chemical precipitation
reactions

All the processes included in
the technology are currently
available.
Studies based on
mathematical models and
tests assert 76 to 100%water
recovery
Combine various available
technologies
Up to 95% water recovery

Simple, available technology
Need to concentrate and
eliminate divalent ions
Requires use of selective
extraction methods
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Economic Observations

Electric energy use is 78kWh/m3 of concentrated
brine from RO.

Recovers commercial
salts
Studies indicate it is
economically feasible for
brackish and inland
waters.
Studies indicate it is
economically feasible.

Salt production
Asserts production of
desalinated water with
costs between 0.43 and
$0.71/m3
Potential benefit for the
chlor-alkali industry

Elements like Rb, Cs and
U are a potentially
important benefit.
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2.2 Biological Brine Utilization
The wide variety of brine management technologies, discussed in Section 2.2, provide a
comprehensive understanding of the most common technologies used worldwide. All the
methods mentioned either rely on mechanical processes or chemical processes for brine
management. Most of these methods require a high energy budget, skilled workforce, technical
know-how and sophisticated technological equipment (Giwa et al., 2017; Morillo et al., 2014).
Very little literature discussed the possibility of using biological processes, in low-cost, low
energy conditions for brine management (M. V. Jimenez-Perez, P. Sanchez-Castillo, O.
Romera, D. Fernandez-Moreno, & C. Perez-Martinez, 2004). Hence, there is a need to look
into possible biological management schemes that may reduce the negative impact of brine
(National Research Council, 2008).
This section assesses the possibility of using different biological processes for brine
management. This research focuses on processes that would require the use of local resources,
and have low cost, low energy conditions. Such a system may be more sustainable as it may
have a lower capital cost and a lower energy budget than the high technology methods in
section 2.2. Moreover, any biological waste produced is easier to manage as it may biodegrade
in nature.
Different species in four biological groups, Algae, Zooplankton, Fish and Crops are closely
examined to assess their potential for survival and growth in brine. Their growth conditions are
reviewed and the benefits of using each species is analyzed in order to judge its economic
potential. Some of the literature reviewed in this section was not previously connected with
brine management. In the case of algae, some species have been associated with brine,
Spirullina sp. and Scenedesmus sp., while others were only tested under salt stress for different
purposes, eg. Nannochloropsis sp. for the purpose of lipid production. The zooplankton specie
Artemia sp. was not previously linked with brine originating from desalination stations. Growth
of Tilapia fish in desalination concentrate was briefly mentioned in literature. The only crop
species mentioned in literature with association to desalination brine is the Atriplex sp. plant.
2.2.1 Production of Algae
There are several species of algae that can be adapted to live in highly saline waters, producing
large quantities of biomass. Of the cyanobacterium species there are Spirulina platensis,
Spirulina maxima and Spirulina argentina (Sanchez, Nogueira and Kalid 2015). The World
Health Organization declared Spirulina a ‘superfood’ as it is well known for its high nutritional
value (Sandeep, et al. 2013). However, most literature around the topic of salt stress and salt
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accumulation focused on four algae species; these are Scenedesmus, Chlorella, Dunaliella and
Nannochloropsis (Borowitzka, 1990; Gigante, 2013; Martínez-Roldán et al., 2014; Ângelo
Paggi; Matos et al., 2015).
Scenedesmus
Scenedesmus is a freshwater alga that has the capability to adapt to marine environments
(Gigante, 2013). It is a genus to about 70 species, and consists of 4, 8, 6, or 32 cells arranged
in rows. Scenedesmus belongs to the colonial green algae group and has an elongated shape
(Bhutia, Petruzzello, & Setia, 2018). It is rich in protein and has been targeted as a candidate
for biofuel production due to its capability for lipid accumulation (Rishi, Tripathi, & Awasthi,
2016; Xin, Hong-Ying, & Yu-Ping, 2011). Biological desalination using Scenedesmus was
carried out by Gan et al. 2016, El-Sayed and Abdel-Maguid 2010, and El-Sergany, El-Fadly,
and El-Nadi 2014. Gan et al. 2016, worked on simultaneously producing lipid and decreasing
the salt content of brackish water. Using BG-11 growth medium they optimized their
experiment based on different concentrations of NaCl. It was found that Scenedesmus was
successful in salt acumination. However, the increase in salinity inhibited growth and
decreased the rate of biological desalination. The highest lipid content was also observed in the
highest salinity sample.
El-Sayed and Abdel-Maguid 2010, attempted to grow algae in seawater salinity of 45mg.L-1,
adopting the context of the Red Sea in Egypt. They grew Scenedesmus in batches of different
seawater concentrations 0, 25, 50, 75 and 100% and BG-11 culture medium. They discovered
that Scenedesmus was successful in absorbing nitrogen, phosphorus, potassium, calcium and
sodium. However, in the case of sodium the increase of salinity resulted in a decrease in the
rate of uptake. El-Sergany, El-Fadly, and El-Nadi 2014 grew Scenedesmus under three
salinities of seawater brine. The alga was grown in BG-11 medium then transferred to the tanks
with brine. Each tank had more than one cycle, thus allowing for greater uptake of salts. They
reported a reduction in the salinity of brine from 80,000 mg.L-1 to 10,050 mg.L-1 after the first
month of running the experiment; however, these findings were not confirmed in other studies.
Chlorella
Chlorella is a unicellular green alga. Its cells have a spherical shape and are about 2-10 µm in
diameter (Sadiq et al., 2011). The alga has a strong presence in literature as the culture follows
a predictable growth performance and is easy to handle (Lothar Krienitz, Huss, & Bock, 2015).
Moreover, Chlorella is rich in proteins and B-complex vitamins, which can be extracted and
used for medical purposes. Chlorella is a freshwater alga that has also adapted to live in saline
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conditions (Petruzzello & Rimsa, 2018). More recently Chlorella has been researched as a tool
for removing nutrients from wastewater (Chiu et al., 2015; Ji, Kim, et al., 2013; I.-S. Yang et
al., 2016; Znad et al., 2018). Znad et al. 2018 designed an experiment to test nutrient removal
of Chlorella from primary waste water, secondary waste water and petroleum effluent.
Characteristics of the wastewaters included calcium, magnesium and potassium as
macronutrients. Chlorella was able to remove 100, 82, and 54% of each macro nutrients in
primary waste water, respectively. Yang et al. 2016 cultivated Chlorella in municipal
wastewater with high concentrations of calcium, magnesium and sodium. Chlorella was able
to decrease the concentrations of these cations from 35.33 mg L-1 to 28.39 mg L-1, from 5.49
mg L-1 to 5.14 mg L-1, and from 56.48 mg L-1 to 53.59 mg L-1, respectively.
Scholars have also tested the effect of lipid content in Chlorella in different salt stress (Kim et
al., 2016; Luangpipat & Chisti, 2017; Ângelo Paggi; Matos et al., 2015; Wang et al., 2016).
Matos et al. 2015, cultivated Chlorella in different concentrations of brine, originating from a
brackish desalination station, and Bold Basal Medium (BBM). While the culture was able to
grow in all conditions tested (from 25% Brine and 75%BBM to 55% Brine and 45%BBM) best
growth was attributed to the test with the least percentage of brine. Further studies carried out
by Wang et al. 2016 and Kim et al. 2016 tested the growth of Chlorella in salinities from 10 g
L-1 to 50 g L-1, of NaCl respectively. Both studies show that Chlorella was able to survive in
conditions of 50 g L-1; however, they also indicate a strong inhibition of growth after 30 g L-1.
Dunaliella
Dunaliella is a marine alga species that has strong halophilic characteristics. The alga is
unicellular and, unlike other algae, lacks a rigid cell wall (Oren, 2005). Dunaliella algae has a
single cup-shaped chloroplast and two flagella of equal lengths (Borowitzka, 1990). It may
change shape or color depending on growth conditions and light intensity allowing fast
adaptation to different environments. Dunaliella is able to tolerate high variances of pH, from
pH1 to pH10, temperature, from 0°C to 38°C, and salinity, from seawater 3%NaCl to 31%NaCl
(Borowitzka, 1990; Oren, 2005) (Rodriguez-DeLaNuez, et al. 2012). Dunaliella is a common
resident in salt works, its presence is accounted for in salinities as high as 202,000 and 2060
mg.L-1 (Rahaman, Sosomma, & Ambikadevi, 1993). The alga has the capacity to produce βcarotene and glycerol which are highly valuable products in the pharmaceutical industry.
Cultivation for the purpose of extraction is practiced in several countries including, Australia,
Kuwait, Chile and Spain (Borowitzka, 1990; Oren, 2005). More recent studies have looked to
Dunaliella for lipid production (Y. Chen, Tang, Kapoore, Xu, & Vaidyanathan, 2015).
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Dunaliella algae is unique in its adaptive qualities. Such leniency to change is brought by the
algae’s non-existent cell wall. It has a thin elastic membrane which permits the flow of
substances to adapt to the osmotic pressure available in any growth medium. In such cases the
algae uptakes nutrients into the cell as a means of survival (Y. Chen et al., 2015; Oren, 2005).
β-carotene, for example, is accumulated in Dunaliella as a protection mechanism from high
irradiance (Borowitzka, 1990). Since Dunaliella is able to adapt to a variety of environments,
its effects on nutrient uptake due to salt stress (as with Scenedesmus and Chlorella) has been
presented in very few studies. One such study tested the effect of Dunaliella on nutrient
removal from municipal waste water (Y. Liu & Yildiz, 2018). However, analysis was only
conducted on nitrates, ammonia and phosphorus, giving little indication on the uptake of
cations that were present in the wastewater. M. Chen et al. 2011, tested the effect of nutrients
on the growth and lipid accumulation of Dunaliella. They reported a slight decrease in the
concentrations of iron, cobalt, molybdenum, phosphate, silicon and zinc. Such results may
deem it possible for Dunaliella to uptake salts from other mediums, brine.
Nannochloropsis
Nannochloropsis is a unicellular non-mobile green alga. The genus is made up of very small
coccoid unicells, with varying diameters between 2-8µm in diameter (Fawley & Fawley, 2007;
Ma, Chen, Yang, Liu, & Chen, 2016). Nannochloropsis is a marine alga; however, recent
studies have proved the species existence in freshwater (Krienitz et al. 2000). The algae
produces fatty acids and proteins making it a valuable food source (Lavens & Sorgeloos, 1996).
Their ability to reproduce very rapidly places them as a favorable candidate for mass cultivation
(Fawley & Fawley, 2007). Nannochloropsis has gained a strong position in the biofuel research
field. Several studies have experimented with different strains of Nannochloropsis to promote
lipid production (J. Liu, Song, & Qiu, 2017; Ma et al., 2016).
Unlike Dunaliella’s ability to tolerate extremely high salt stress conditions, Nannochloropsis
reaches a threshold where growth is impaired. Several studies have shown growth inhibition
when the salinity increases beyond 40-55 mg.L-1. Y. Chen et al. 2015; M. V. Jimenez-Perez et
al. 2004; Jiang et al. 2011; and Ji, Abou-Shanab, et al. 2013 experimented the nutrient uptake
of Nannochloropsis in different mediums showing various degrees of uptake.
Optimum Growth Conditions
There are specific conditions regarding the cultivation of salt loving micro-algae. The algae are
in constant need of good aeration to allow for suspension in the tank. Small quantities of
nutrients may be added to enrich algae growth; in this case adding zeolite is acceptable
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(Sandeep et al., 2013). Algae need strong light intensities to increase growth rates (Lavens &
Sorgeloos, 1996). pH should be kept at an alkaline level and temperature may vary; however,
it should not exceed 35°. Salinity range varies depending on the species inoculated. Such data,
summarized in Table 2.4, indicate the opportunity for using brine in the cultivation of microalgae.
Table 2.4 General conditions of algae growth

Condition for growth
pH
Light intensity (Lux)

Temperature

Range
8.5 to 9

Source
(Sánchez et al., 2015;
Sandeep et al., 2013)
Range 2,500 – 5,000
(Lavens & Sorgeloos, 1996;
3,500 lux using compact Sandeep et al., 2013)
ﬂuorescent lamps
26°-35°
(Lavens & Sorgeloos, 1996)

Extraction and Harvest
Harvesting of algae culture can be carried out by chemical flocculation, centrifugation or
settleability. In the process of chemical flocculation, a chemical, typically aluminum sulfate or
ferric chloride, is used to allow the algae to coagulate and precipitate since the it is somewhat
finely suspended within the saline water. Algae can then be recovered by skimming cells of the
surface or siphoning off the supernatant (Lavens & Sorgeloos, 1996).
Coagulated algae can no longer be used as food for filter feeders since the particle size
increased. Large volumes of algae are separated using a cream separator. “Cells are deposited
on the walls of the centrifuge head as a thick algal paste, which is then re-suspended in a limited
volume of water” (Lavens & Sorgeloos, 1996). Resulting slurry may be utilized in other means
as will be discussed in the following section.
Centrifugation of algae the simple process of spinning algae at a high velocity to separate it
from liquid solution. However, a centrifuge may have a high capital cost. Settleability of algae
is the natural process of sedimentation. With time the algae was deposited by gravity to the
bottom making it easy for extraction and drying.
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Uses and Yield
The previous information indicates the high possibility of using algae, as a means for utilizing
concentrated brine. Aside from the basic function of providing feed for aquaculture, algae have
several positive uses that improve the sustainability of such a system. First of which is that it
can naturally “detoxify (neutralize) or chelate toxic minerals and heavy metals” (Sánchez et
al., 2015). The algae are capable of removing calcium and salts from their growth mediums.
The second use could be found in the sully, algae waste water produced during harvesting. The
sully has a low shelf life and can thus be directly applied as a fertilizer since it is rich in nutrients
(Lavens & Sorgeloos, 1996). Another use for the algae itself is energy production. Algae could
be harvested to generate energy in bio-reactors, Figure 2.9. This is an extremely viable function
available in several areas around the world including Gussing City in Austria.

Figure 2.9 Bio-reactor in Gussing, Austria. Source: (Gussing Renewable Energy 2016)

A fourth utilization method is the extraction of a valuable nutrients such as phycocyanin and
Beta carotene, which are abundant in Spirulina and Dunaliella, respectively. “Phycocyanin is
a compound with a wide range of applications, such as antioxidant and anticancer agent,
fluorescent tracer in molecular techniques and non-toxic food colourant” (Sandeep et al., 2013).
The cost of food-grade phycocyanin is 0.3 USD per mg, cost of analytical grade phycocyanin
is 15 USD per mg, making it a very attractive business venture (Sandeep et al., 2013). Beta
carotene converts to vitamin A and is recommended for human consumption. The chemical is
also highly valued in the pharmaceutical industry.
Chile produces about 30 tons per ha per year of algae. It is estimated that the production cost
for dried spirulina was USD11.4 per kg; however, about 30% of this fee is due to enrichment
nutrients (Sánchez et al., 2015). Selling costs are considerable higher than production costs.
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Cost per kg of dried product: whole sale price USD 20.0 per kg and shelf retails price USD
90.0 per kg (Sánchez et al., 2015). It is therefore a profitable investment to harvest algae.
2.2.2 Production of Artemia
In 1928 Alvin Seale, director of Steinhart Aquarium in San Francisco found that Artemia
contained high volumes of protein, is an excellent feed source and that the eggs could remain
dormant for years, to be revived once needed (Klee, 2003). Capitalizing on this huge market
opportunity, the first salt ponds to produce Artemia cysts (Patrick Sorgeloos, 1980) were set up
in the San Francisco Bay area in 1933.
Artemia as a feed source, gained ground in the aquaculture industry at an increasingly high
rate. The increase was drastic to the point that demand often exceeded supply. When production
of Artemia from the Great Salt Lake decreased the aquaculture industry worldwide was greatly
affected (P Sorgeloos et al., 1977). Many conferences and committees got together to discuss
the serious issue of the decline in Artemia production (Patrick Sorgeloos, 1980). Artemia was
then considered a luxury food that many could not afford. Product yield decreased as prices
increased due to high demand. It was by the end of 1978 that Artemia production started to
increase. This increase was due to the discovery of other natural producing areas to harvest
Artemia and the successful inoculation of Artemia in North-East Brazil. Prices substantially
decreased and have remained steady until today.
Artemia, also known as brine shrimp is a small crustacean that does not exceed 1.5 cm in length.
“It has an elongated body with two stalked complex eyes, a linear digestive tract, sensorial
antennulae and 11 pairs of functional thoracopods. The male has a paired penis in the posterior
part of the trunk region; [Figure 2.10]. Female Artemia can be easily recognized by the brood
pouch or uterus situated just behind the 11th pair of thoracopods [Figure 2.],” (Lavens &
Sorgeloos, 1996).

Figure 2.10 Male Artemia. Source: (Lavens & Sorgeloos,
1996)

Figure 2.11 Female Artemia Source (Lavens & Sorgeloos,
1996)
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“Adult Artemia are 20 times larger and weigh 500 time more than freshly hatched nauplii. Their
nutritional value differs throughout their growth” (Patrick Sorgeloos, 1980). In adult Artemia,
also known as Artemia biomass, “the fat content decrease from 20% to less than 10% of the
dry weight and the protein content increases from 42% to over 60%” (Patrick Sorgeloos, 1980).
Nauplii are deficient in some amino acids but adult Artemia are rich in all the essential amino
acids including histidine, methionine, phenylalanine and threonine.
Unlike most species Artemia do not change their diet as they grow. Since Artemia have high
food conversion efficiency a rich diet of algae provides them with the nutrients needed for
optimum growth (Patrick Sorgeloos, 1980). Even at their adult stage Artemia is small, with an
exoskeleton of 1µm thick allowing whole feed consumption without previous processing
(Patrick Sorgeloos, 1980). Unlike Nauplii, Adult Artemia do not require much light.

Figure 2.11 Female production of cysts due to non-favorable conditions (left); also shown by the color of the Artemia, the more
orange is it the higher the hemoglobin levels.
Female production of nauplii due to favorable conditions (right); orange color indicating high levels of hemoglobin (El-Gamal
2011)

Under optimum conditions Artemia grows into adulthood in 8 days, it lives up to 7 months and
reproduces with a rate of 300 nauplii or cysts every 4 days (Lavens & Sorgeloos, 1996). Under
those same optimum conditions Ovoviviparous Reproduction occurs, Figure 2.12 (right),
resulting in the development of free-swimming nauplii (Vos & de la Rosa, 1980). Under nonoptimum conditions Oviparous Reproduction occurs, Figure 2.12 (right), and eggs are
surrounded by a shell creating cysts which are then released into the water (Vos & de la Rosa,
1980). The production of Artemia for aquaculture can thus be divided into two aspects:
Ovoviviparous Reproduction producing nauplii and Oviparous Reproduction producing cysts.
Optimum growth Conditions
In ovoviviparous reproduction, production of nauplii, Artemia grows in the following stages.
In the First Larval Stage- Instar I, the nauplii just hatched and does not have the ability to digest
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food. Instar I totally thrives on its yolk reserves (Lavens & Sorgeloos, 1996). In the Second
Larval Stage- Instar II, the nauplii develops the ability to digest small food particles. Fifteen
molts occur, on an average of 8 days for the Artemia to reach adulthood. Once Artemia reaches
adulthood it can start reproducing every fourth day (Lavens & Sorgeloos, 1996). The optimum
conditions for the stimulation of nauplii production are stated in Table 2.5.
Oviparous reproduction, the production of cysts, occurs when conditions are not favorable for
Artemia growth. The female notes a threat to its existence, very high salinity, that may eradicate
the species. It therefore reacts by producing eggs instead of nauplii. The eggs are surrounded
by a hard shell that is able to preserve the embryo until the salinity is suitable for hatching. For
storage purposes the cysts are harvested and dried thus have a flatter shape. Dry cysts are
dormant and can be stored for long periods of time. Once hydrated, they reactivate and start to
develop, Figure 2.13. As the cyst starts to break, it forms an umbrella shape. During this stage
the nauplii feds upon the nutrients within the cyst. When it hatches it follows the growth stages
mentioned in ovoviviparous reproduction above (Lavens & Sorgeloos, 1996). Conditions
inhibiting the growth of cysts include factors shown in Table 2.6.
Table 2.5 Growth conditions for ovoviviparous reproduction- producing nauplii

Condition for growth

Range

Source

Salinity

15,000-70,000 mg.l-1
(15,000-70,000 mg.L-1)
25,000, 35,000, 72,000 &
120,000 mg.l-1
8.0-8.5
8.0-9.0
Needs light for growth
1000 Lux (20cm fluorescent
light tube of 60W.
28°-35°

(El-Gamal, 2011; Lavens &
Sorgeloos, 1996)

0.6-2 mg.L-1
1 mg.L-1
Iron low food
debris)

(Lavens & Sorgeloos, 1996)

pH
Light intensity (Lux)

Temperature
Oxygen levels
Food
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Table 2.6 Conditions for cysts production

Condition for growth

Range

Source

Salinity

High salinity ranges

(Vos & de la Rosa, 1980)

pH

8.0-9.0

(Patrick Sorgeloos, 1980)

Light intensity (Lux)

Low light

(Lavens & Sorgeloos, 1996)

Temperature

28°-35°

(Vos & de la Rosa, 1980)

Oxygen levels

Strong O2 fluctuations

(Vos & de la Rosa, 1980)

Food

Iron rich food (green algae)

(Vos & de la Rosa, 1980)

Figure 2.12 Growth stages of a cyst. Source: (Lavens & Sorgeloos, 1996)

Extraction and Harvest
Depending on the function sought after; i.e. providing feed for aquaculture or rearing Artemia
into adulthood, cultivation and harvest vary. If Artemia is being harvested to allow for small
nauplii feed, then it is best to harvest it after the Instar I phase. During that phase the Artemia
has lost over 20% of its energy reserves (Patrick Sorgeloos, 1980). If there is no desire for
further growth, then cultivation at this stage is essential to preserve the maximum amount of
energy possible (Patrick Sorgeloos, 1980). Artemia cysts maybe harvested from nature or from
nature or from salt ponds.
The most well-known area for natural growth and harvesting of Artemia cysts is the Great Salt
Lake in Utah, USA, Figure 2.14. The lake provides a harvest of 20 million tons of brine shrimp
cysts per year, adding about 50 million USD to the state’s GDP per year (O’Brien, 2010).
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Figure 2.13 harvesting process, the Great Salt Lake Source: (O’Brien, 2010)

The cysts have a low dencity and thus float on the water surface. A boat circles around them
skimming the surface of the lake. Once the cysts are collected in a small area they are pumped.
The Artemia is then stored in preamable sacs where water is left to perculte as the harvest is
transported to industry. Drying and decapsulation processes, through exposure to hypchlorite
solution, are carried out to ensure cyst dormancy and to preserve the cyst from bacteria that
could be availabe on the shell (Patrick Sorgeloos, 1980).
After the low harvest crisis that ended in 1986, many countries attempted to inoculate Artemia
production in salt ponds (Patrick Sorgeloos, 1980). Brazil was one of the first countries to work
on salt ponds. They then expanded into the Philippines, Egypt and several other countries.
However, the most successful case was in Vietnam (Lavens & Sorgeloos, 1996; Vos & de la
Rosa, 1980). The typical set-up for a salt pond is presented in Figure 2.15. Sea water enters the
first evaporator and flows by gravity to the second, third and fourth evaporation pond. In each
pond evaporation takes place, increasing the salinity of the pond’s water. Artemia may grow in
the second and third evaporators.
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Using brine water for Artemia growth and extraction instead of salt ponds would be
advantageous for a couple of reasons. The first is the decrease in area. Reject brine already
contains high salinity levels and can be used to directly grow Artemia. The second advantage
is that the high salinity provided by the brine would not allow predators to share the pond with
Artemia. Thus, their population will have the proper conditions to flourish (Lavens &
Sorgeloos, 1996).

First Evaporator

Fourth
Evaporator
Third Evaporator

Second Evaporator

Figure 2.14 Salt Pond layout (Google Earth Image 2018)

Use and Yield
In all its forms, Artemia is best used for feeding aquaculture. The cysts and young nauplii can
easily be consumed by fry fish and shrimp, speeding up their growth. About 4 grams of cysts
can produce 1 million nauplii. Adult Artemia are rich in protein and amino acids which help
promote fish growth. Also Artemia is known to attract fish with its rapid movements in the
water making them an efficient food source. Artemia could also be consumed by humans.
Artemia cysts are packaged and sold to hobbyists and aquaculture fish farms. The Great Salt
Lake naturally produces 20 million tons of Artemia cysts annually, contributing to Utah’s
economy about 50 million USD (O’Brien, 2010). Frozen nauplii can also be sold to
aquaculture. The Artemia is quickly frozen after harvesting and is transported to the market.
Frozen nauplii, 20g, is sold by Ocean Nutrition for $35 USD. Adult brine shrimp can also be
sold as a form of protein after they have been dried and packaged.
2.2.3 Production of Marine-Life
Brine could also be used in the production of high salt-tolerant aquaculture species. Most fish
species cannot withstand high saline environments. Literature surrounding the salinity
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tolerance of fish pointed to the growth of a cichlid fish known as tilapia and to the possible
growth of Penaeid Shrimp Larvae (Sánchez et al., 2015).
Production of Fish
There are many species of tilapia, the most suited for growth in saline waters are the Red Tilapia
and the Nile Tilapia. Despite originally being a fresh water species, tilapia can adapt to high
salinity levels, making them suitable for growth in brine. Moreover, the fish is easy to farm due
to its omnivorous diet, tolerance for high stocking density, high protein content, rapid growth
(6-7 month) and large size (Sánchez et al., 2015).
Growth Conditions and Yields
Tilapia has successfully been grown in brine of an inland desalination station in Brazil. For
rearing it is preferred to have a density of four fries per m3 of water. In the case of Brazil, Koina
tilapia was grown due to its color and good quality meat without bones. The tilapia was grown
in 330 m3 ponds with an average dry weight of 589-650 kg per pond per year. Salinity creates
variation in the harvest. “For a brine reject with an electrical conductivity of 11.38 mS·cm
[9,112 mg. L-1], the ﬁsh yield was 1.96 kg for each m3 of cultivation pond. The average weight
of each ﬁsh was 518.7 g for a rearing period of 153 days and a survival rate of 94.7%” (Sánchez
et al., 2015). For a higher salinity of “13.38 mS·cm−1 [10,704 mg. L-1] the ﬁsh yield was 1.78
kg for each m3 of cultivation pond. The average weight of each ﬁsh was 557.7 g for a rearing
period of 170 days,” and a survival rate of 80% (Sánchez et al., 2015). This rate is the accepted
norm in tilapia production.
Use
Tilapia yield is produced for human consumption. Further usage could include the harvesting
of organic waste and guts to produce fertilizer, oil, animal feed, soap and biodiesel. The use of
tilapia to produce oil and soap is a practice also used in Brazil. In addition, collagen found in
tilapia skin could be harvested for the cosmetic industry.
While Tilapia has shown its ability to survive in inland desalination brine the case is different
for seawater desalination brine. Tilapia showed a decrease in weight when salinity exceeded
10,000 mg. L-1 which indicates that it will react poorly if subjected to higher salinities. Since
the starting salinity of SWRO brine is 60,000 mg. L-1 the use of Tilapia will not be tested in the
experiments of this thesis (Sánchez et al., 2015).
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Production of Penaeid Shrimp Larvae
The species of penaeidas make up 80% of shrimp production worldwide (through capture from
oceans or harvest from farms). Until two decades ago, the world production of shrimp largely
depended on ocean supplies. In 1930, Hudinaga was successful in growing shrimp (Penaeus
japonicas species) in captivity (Lim, 1998). Many followed on his work and developed the
technology for high intensity farming (Cook & Murphy, 1969). Over a period of 20 years, the
pond-raised estimated shrimp supply in the world rose from 8% to 43% (Lim 1998). With large
improvements in technology, the growth of penaeid shrimp in captivity has become extremely
profitable.
Growth Conditions and Yield
The growth of Penaeid shrimp has not been tested in brine. However, shrimp growth can
flourish in an environment with a salinity of between 27,000 mg.L-1 and 35,000 mg.L-1 (Cook
& Murphy, 1969; Wilkenfeld, Lawrence, & Kuban, 1984). Figure 2.16 presents the life cycle
of penaeid shrimp. In captivity, shrimp is grown in three rearing levels: small, medium and
large. The shrimp spawn overnight and can produce from 50,000 to 1,000,000 eggs
(Rosenberry, 2009). Within 16 hours, the eggs hatch and in a period of 1-3 weeks the shrimp
reach adulthood. Large farms also cultivate algae and Artemia to provide feed for the shrimp.
The higher the stocking densities, the more important becomes the quality of feed. Fertilizers
are also used to increase productivity. Temperature is an important factor in shrimp farming;
the optimum growth temperature is between 26-32 for tropical and 20-28 for sub-tropical
species. It is important to have a continuous flow of water to create a viable habitat for the
shrimp. Water could be pumped into the pond at a rate of 2% up to 10% and can reach up to
30% of the tank volume daily in medium intensity practices. For high intensive practices water
could have an exchange rate from 100% up to 300% (Lim, 1998). Stocking densities vary from
3-15 juvenile shrimps per m3 in low intensity farming to up to 160 juveniles per m3 in high
intensity farming. Taiwan and Japan have high intensity farms producing high market value
shrimp. Shrimp weight ranges from 15-36 grams depending on raring conditions and farm
(Lim, 1998). Shrimp is a high value commercial product sold for human consumption. Organic
waste could be used as a fertilizer.
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From the information provided, it is unclear whether shrimp would be able to survive under
the high salt stress environment that will be created by the brine. The author chose not to adopt
this species in experimental testing.

Figure 2.15 Life Cycle of Penaeid Shrimp Source: (Rosenberry, 2009)

2.2.4 Production of Crop
The process of irrigating crops with high salinity reject brine is called phytodesalination
(Morillo et al., 2014). Several pilot projects have started testing the possibility of irrigating
crops with high salinity reject brine. However, a major challenge to this industry is that the
majority of plant species have extremely low salinity tolerance. According to Morillo et al.
(2014), “[o]nly 1% of angiosperm species have evolved high salt tolerance,” making them an
attractive and eligible species for their use in the phytodesalination process. “In the Bolivian
Altiplano native forage plants such as kauchi (Suaeda foliosa) and saltbush (Atriplex spp.) as
well as crops such as quinoa (Chenopodium quinoa) and cañahua (Chenopodium pallidicaule)
are cultivated in adverse conditions of soil (salinity and sodium) and weather (frost, droughts),
producing food and feed with high protein for humans and animals” (Sánchez et al., 2015).
Plants with high salinity tolerance are called halophytes. Halophytes plants include forages,
oilseeds and biofuels; plants used in pilot projects include Atriplex (Atriplex lentiformis and
Atriplex nummularia). Specific plants produced with brine irrigation also include Quinoa and
Salicornia (still in the experimental phases).
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Atriplex
Growth Conditions and Yields
The Agua Doce program in Brazil (discussed in 2.3) uses Atriplex nummularia to create forge
for feeding cattle. A nummularia can tolerate salinity up to 25,000 mg. L-1 and can effectively
remove salts from the soil (Sánchez et al., 2015). It has a very high protein content, shown in
Table 2.7, even higher than that of the traditional cattle feed, alfalfa. The program produces
from 5.5-8.5 tons of dry weight forge per hector per year (Sánchez et al., 2015). When applying
the Atriplex produced as feed problems results due to the plant’s high sodium content that is 36
times higher than that of alfalfa. The maximum threshold limit for salt in livestock feed is 10g
for each 100g of dry mass. Thus, the product could not be used as the only feed source.
Nevertheless, when using a diet with a high Atriplex range, 38.3% to 64.6%, the reported
contribution to the average weight gain of the local livestock shows “increase of 138 g·day−1
in each goat.” The diet included “Atriplex forage (1.5 kg of Atriplex forage per day and animal)
combined with citron melon (Citrullus lanatus var. citroides), cassava (Manihot esculenta),
forage palm (Opuntia fícus) and local graminoids,” (Sánchez et al., 2015).
In the district of Marana, Arizona, USA Atriplex lentiformis was irrigated with RO brine. They
built a system where “Small transplants were installed in large, outdoor drainage lysimeters
and drip-irrigated with RO concentrate, on a schedule designed to deliver 1.5 times the
reference evapotranspiration (ET0) on a daily basis,” (Jordan et al., 2009). This system was
able to yield a biomass of 1.62kg/m2. Average water consumed during the growing season was
similar to values of high biomass crops like alfalfa. Jordan et al. (2009) concluded that “[w]hen
grown on salinities under 10,000 mg.l-1 TDS halophytes are capable of high yields and rates of
water consumption under agricultural conditions” (Jordan et al., 2009).

Table 2.7 Nutrition content in Atriplex (A. nummularia) and alfalfa. Source: (Sanchez, Nogueira and Kalid 2015)

Nutrients

Hay
Alfalfa

A. nummularia

Dry matter, %

89.70

88.10

Crude protein, %

16.00

20.20

Neutral detergent fiber, %

41.40

35.20

Acid detergent fiber, %

30.70

17.10

Hemicellulose, %

10.70

18.10
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Nutrients

Hay
Alfalfa

A. nummularia

Lignin, %

8.10

5.10

Cellulose, %

22.60

12.00

Ash, %

9.90

28.30

Metabolizable energy,

2.21

1.99

Chloride, %

0.45

4.78

Sodium, %

0.18

6.47

Mcal.kg-1

Uses
Atriplex could be used as forage or biomass. The use of forage explained above is extremely
beneficial due to the plant’s high protein content. Like any other plant, Atriplex could be
utilized as a fertilizer or, after undergoing the mechanical process of briquetting, being used as
a source of fuel.
Since the plant’s uptake of salt is very high, it is therefore convenient to use Atriplex to decrease
the salinity of the water, making it viable for further use. For example, this could be the
production of a sunflowers species called ‘Red Sun’, which also shows a tolerance for
productive growth in saline waters.
Quinoa
Growth Conditions and Yields
Quinoa (Chenopodium quinoa Willd), shown in Figure 2.17, is another species of halophytes.
It is native of the Andean region and is well known for its nutritional value and its ability to
growth in saline waters (Jacobsen, 2003).

Figure 2.16 Quinoa Plant
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In order to achieve optimum growth, a combination of long days and high temperatures are
needed. Growth stages of the Quinoa plant are sensitive to photoperiod (Jacobsen, 2003). In
other words, the productivity of the plant greatly decreases with high latitudes. For example,
Italian and Greek quinoa produced the best yield with up to 2,280 and 3,960 kg/ha respectively
(Jacobsen, 2003). The plant needs long days with high illumination from the sun for optimum
growth. Furthermore, the growth period is also affected by latitude; in Greece the growth period
was between “100–116 days for the varieties that matured, which is in contrast to the growth
period of 110–180 days in northern Europe” (Jacobsen, 2003).
This short growth period is often regarded as being beneficial. According to Peterson and
Murphy 2015, results shown in Table 2.8, Quinoa grows best in a salinity of 12,800 mg. L-1
producing a yield of 12.33 g/plant. If the salinity was increased to 25,600 mg.L-1 the yield
would considerably decrease to 7.9 g/plant.

Table 2.8 Salinity ranges for Quinoa production. Source: (Peterson & Murphy, 2015)

Salinity Level

Seed yield
Quinoa

Quinoa and barley
g plant -1

0 dS m-1

14.47

12.82

8 dS m-1 NaCl

13.46

12.37

16 dS m-1 NaCl

12.33

11.30

32 dS m-1 NaCl

7.9

6.37

8 dS m-1 Na2SO4

15.29

13.70

16 dS m-1 Na2SO4

14.91

13.19

32 dS m-1 Na2SO4

12.5

10.27

Uses
Quinoa is a multipurpose crop; the seeds could be used as human food. It could be added in
flour products to make dough. It is also a good animal feedstock. In addition, quinoa has several
unorthodox uses. It can be used in the plastic industry as fillers, in dusting powders, and as a
complementary protein in human and animal foods. Saponin is a toxic compound also known
to be appetite suppressant found in the plant. Far from being a burden, saponin can be utilized
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as an insecticide or used in the pharmaceutical industry (Jacobsen, 2003). Hence, the whole
plant could be commercially profitable.
Salicornia
Growth Conditions and Yields
Salicornia, presented in Figure 2.18, is a species of halophytes.
It is widely known for its seed oil that is equivalent to soybeans
and sunflower oils. The plant thrives in subtropical climates
and has a high salinity tolerance.
“The seeds contain high levels of oil (30 percent) and protein
(35 percent)… The oil is highly polyunsaturated and similar to
safﬂower oil in fatty-acid composition” and performance,
(Flider, 2004; Glenn, Brown, & O’Leary, 1998). Furthermore,
the oil can simply be extracted from the seed and refined by
using conventional oilseed equipment.
Irrigation water salinity for optimum growth ranges between
35,000–45,000 mg. L-1 (Flider, 2004). Salicornia seems to be
Figure 2.17 Salicornia Image. Source:
(Flider, 2004)

an attractive plant to cultivate using brine; however, it does not

absorb salts from the water. It survives by filtering the water and concentrating it further. If
Salicornia was soil cultivated, it would ultimately lead to soil salinization.
Since the market competition is fierce between the sources of oil, Salicornia must be cultivated
efficiently to achieve break-even costs and make profits. When studied it was found that
“Salicornia’s potential seed yield of 1.7–2.3 metric tons (MT) per hectare is competitive with
soybeans at 1.9 to 2.1 MT/ha and approaches sunflower with 2.5 to 3.2 MTper ha. In terms of
oil yield, Salicornia has the potential to yield 0.60 MTper ha as compared to soybean oil at
0.38, safflower at 0.63, and sunflower and rapeseed at 1.0 MT/ha, respectively” (Flider, 2004).
Salicornia does contain saponins; however, its high protein concentration boosts the project.
Uses
Aside from being an excellent source of oil, Salicornia is also edible and thus fit for human
consumption. Humans could consume it raw or processed. Moreover, “feeding trials have
shown that Salicornia seed meal can replace conventional seed meals at the levels normally
used as a protein supplement in livestock diets. Hence, every part of the plant is usable” (Glenn
et al., 1998).
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Proposed Method Enhancement
Phytodesalination is still in pilot phase, there is room for more research and development.
Problems resulting from irrigation of crops with high salinity brine include, low productivity
due to high salinity, accumulation of salts within the soil and percolation of saltwater into
underground aquifers (Morillo et al., 2014). Pilot studies have shown the need for soil
regeneration and salt removal to increase yield (Sánchez et al., 2015). Moreover, a large amount
of brine reject is given off by one plant; which increases the need for land availability if we are
to utilize all brine for irrigation (Morillo et al., 2014).
A solution for the land demand and constant soil degradation could be hydroponics.
Hydroponics is the cultivation of crops in a water medium without soil. An example is observed
in the production of tomato under saline conditions in a soil medium and a hydroponic medium
(Sánchez et al., 2015). It was found that in a hydroponic medium the percentage of growth
inhibition, for an incremental increase in salinity range, is lower than in soil. This follows
through with the existing data since the soil has a higher potential to hold salt and increases the
difficulty for plants to absorb water.

2.3 Sustainable management of brine research
Until today, the use of sustainable methods for the utilization of reject brine have been based
on improving disposal methods, volume minimization or the reuse and extraction of useful
chemicals, Chapter 2: section 2.1. While each method has its advantages and disadvantages,
they are all extremely technical and require very high expertise for operation. In addition, a
substantial amount of energy is used in these processes, increasing the energy footprint of the
desalination process. These methods may be extremely profitable for utilization in developed
countries. However, in some developing countries, where technology is limited but land is
abundant, it may be more of an advantage to use local resources. Herein arises the idea of using
biological processes for brine management.
The Agua Doce Program developed in Brazil, presented in the work of (Sánchez et al., 2015),
is an excellent model for brine management using biological processes. This program is
successfully running on several sites in the country with the use of brine originating from inland
desalination stations. The process has 4 main stages dealing with brine, occupying a total space
of two hectors.
The RO station produces brine at a rate of 1.0-2.5m3/h (Stage 1). As the water leaves the RO
plant it enters into two 330m3 tanks full of tilapia fish. As mentioned in the report, tilapia fish
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have very high stacking densities and can adapt to high salinities making them the optimum
candidate for this growth in brine. Tilapia harvest is about 589-650Kg per pond per year (Stage
2). Brine from the tilapia tanks is then enriched with organic matter in a mixture tank. This
water is then used to irrigate a field of Atriplex crop producing between 5.5-8.5 tons of forage
per ha per year. The Atriplex forge is fed to the cattle, about 1.5 kg is needed per day per animal.
Even though Atriplex is able to absorb salt from the soil, salinization does occur and periodic
cleansing of the soil is carried out (Stage 3). Moreover, due to the high sodium content of
Atriplex other feeds products are also provided for the cattle (Stage 4).
Studies have been carried out to test the feasibility of either supplementing or replacing tilapia
production with the production of spirulina algae, illustrated in Figure 2.19 (Sánchez et al.,
2015). However, this case has yet to be implemented. This system has inspired the author to
think about integrating two or more organisms in an attempt to minimize the negative effects
of brine making it more environmentally friendly.

Figure 2.18 Schematic drawing of the Agua Doce program cycle. Source: (Sánchez et al., 2015)

As deducted from section 1.3, the largest volume of brine in Egypt originates from SWRO
desalination stations. Also all future planned desalination stations fall under the SWRO
category. Therefore, experiments in this research were conducted using SWRO brine
originating from an Egyptian desalination station. It was also noted in Chapter 2: section 2.1
that brine management methods that include chemical and mechanical processes may not be
the best options for developing countries, due to high-cost and technological know-how.
Biological management methods, described in Chapter 2: section 2.2, that utilize low-cost low-
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energy conditions are believed to be more suitable. Therefore, this research uses a biological
brine management method to manage SWRO brine from an Egyptian context.
The salinity of SWRO brine is the definitive parameter that would help determine the suitable
organisms for testing. SWRO brine has a salinity range between 65,000 and 80,000 mg.l-1.
Therefore, any organism, discussed in Chapter 2: section 2.2, that is not able to tolerate these
ranges may not be able to survive in brine. The findings of Chapter 2: section 2.2 are
summarized in Table 2.9. The table shows that organisms in the Marine-Life and Crop
categories will not be able to tolerate SWRO brine salinity and are consequently eliminated
from this study’s experimentation. The zooplankton species Artemia has not been reared in
desalination brine. However, it shows promise as it naturally lives in brine range salinity and
much higher. The species is rich in protein and is a high economic value fodder that is
demanded in the Egyptian market. Artemia is therefore selected as one of the tested organisms.
All algae species researched, with the exception of Chlorella, fall within the brine range. While
the species Chlorella and Scenedesmus showed the greatest promise in literature for nutrient
uptake, tolerance of salt stress is higher in Nannochloropsis and Dunaliella. The author
attempted to find all four algae species in the local context, but was only able to acquire
Chlorella and Nannochloropsis. Both species were incorporated into this research.
Experiments were designed where Artemia and algae would complement each other and
function in a cycle aiming to generate economic value and slightly decrease salt content of the
brine making it more environmentally friendly. Artemia was tested under three brine salinities
to determine the optimum growth conditions, where cyst production would be highest (Artemia
Experiment 1). Algae species was acclimatized to high salt stress, tested for the most suitable
Hydraulic retention time and the highest nutrient uptake (Algae Experiment 1). After testing
both systems separate, an attempt to combine both systems will be carried out.
However, the research confronted many obstacles leading to a new simplified approach. The
Artemia was tested for its ability survive in brine (Artemia Experiment 2 & 3), while the algae
species Nannochloropsis sp. was acclimatized in brine and tested for its ability to uptake
minerals (Algae Experiment 2). The following chapter details the methods carried out.
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Table 2.9 The value and salinity tolerance of different organisms

Organism

Value produced

Salinity Tolerance
Range (mg.L-1)

Reference

Nutrient uptake,
Biofuel

Max 45,000
Max 80,000

Chlorella

Nutrient uptake,
Biofuel

Max 50,000

(El-Sayed
&
AbdelMaguid, 2010)
(El-Sergany et al., 2014)
(Kim et al., 2016; Wang et
al., 2016)

Dunaliella

Nutrient uptake, ßcarotene

35,000-135,000
35,000-216,000

Nannochloropsis

Nutrient uptake,
Biofuel

Max 81,000

Algae
Scenedesmus

Zooplankton
Artemia
Fransiscana
Marine-Life
Fish- Tilapia
Shrimp- Penaeid
Shrimp
Crops
Atriplex
Quinoa

Salicornia

(Borowitzka, 1990; Oren,
2005)
(Rahaman et al., 1993)
(Martínez-Roldán et al.,
2014)

15,000-70,000
25,000-120,000
Max 202,000

(Lavens & Sorgeloos,
1996)
(El-Gamal, 2011)
(Rahaman et al., 1993)

Fish of economic
value
Shrimp of
economic value

Max 10,700

(Sánchez et al., 2015)

27,000-35,000

(Cook & Murphy, 1969;
Wilkenfeld et al., 1984)

Fodder with high
protein content
High nutritional
and economic value
crop
Oil of high
economic value

Max 25,000

(Sánchez et al., 2015)

12,800-25,600

(Peterson
2015)

35,000-45,000

(Flider, 2004)

Cysts of high
economic value
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Materials and Methods
This chapter is divided into two main sections. Section one includes all the experimental
materials used throughout the course of this work. The materials include brine, its origin and
concentration breakdown, the chosen species of algae and its origin and the chosen species of
Artemia and its origin. The section also includes the culture mediums that are prepared for
algae growth and a full list of equipment utilized in the experimental work. Section two
contains the experiments conducted, summarized in Table 3.1, with detailed descriptions of the
methods followed in each experiment.
Table 3.1 Summary of conducted experiments with a brief description

Experiment

Brief Description

Presented in

Code
AG1

Section
This experiment tested the growth of microalgae

3.2.1

Chlorella sp. and Nannochloropsis sp., in
different brine concentrations, under fed-batch
conditions
AG2

This experiment tested the growth of the

3.2.2

microalga Nannochloropsis sp. in salt stress and
brine, with different concentration and nutrient
contents, under batch conditions
Ar1

This experiment was designed to test the

3.2.3

reproductive ability (cyst generation) and
biomass production of the zooplankton Artemia
under different concentrations of brine
Ar2

This experiment tested the survival of Artemia

3.2.4

Fransiscana in Brine medium under conditions of
salt stress, aeration and diet
Ar3

This experiment was designed to test the survival
of Adult Artemia sp. in Brine medium
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3.1 Materials
3.1.1 Chemicals
The list of chemicals used in this study is illustrated in Table 3.2, all chemicals were of
reagent grade unless otherwise specified.
Table 3.2 Name, CAS number and supplier of chemicals used in this study

Name
Biotin
Boric Acid

Calcium chloride dehydrate

Cayanobalamine
Citric Acid

Cobalt II Chloride Hexahydrate
Cobaltous nitrate hexahydrate

Copper(II) sulfate pentahydrate

CAS number
58-85-5
150-46-9

10035-04-8
68-19-9
77-92-9
7791-13-1
10026-22-9

7758-99-8

Supplier
Loba Chemie, India
Biostain Ready Reagents
Ltd, UK
Biostain Ready Reagents
Ltd, UK
Loba Chemie, India
Biostain Ready Reagents
Ltd, UK
Loba Chemie, India
Biostain Ready Reagents
Ltd, UK
Biostain Ready Reagents
Ltd, UK

Ferric Ammonium Citrate

1332-98-5

Loba Chemie, India

Iron(III) chloride hexahydrate

10025-77-1

Sigma Aldrich, Germany

Magnesium Chloride,
Hexahydrate
Magnesium sulfate
heptahydrate
Manganese (II) chloride
tetrahydrate
Methanol

Na2EDTA

7791-18-6

10034-99-8

13446-34-9

67-56-1

6381-92-6
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Name
Potassium dihydrogen
orthophosphate
Potassium phosphate dibasic
trihydrate
Sodium Carbonate

Sodium Chloride
Sodium dihydrogen phosphate
monohydrate
Sodium hydroxide

Sodium molybdate dehydrate
Sodium Nitrate

Thiamine HCL
Zinc sulfate heptahydrate

CAS number
7778-77-0

16788-57-1

497-19-8
7647-14-5
10049-21-5

1310-73-2
10102-40-6
7631-99-4
67-03-8
7446-20-0 · 1724769

Supplier
Biostain Ready Reagents
Ltd, UK
Sigma Aldrich, Germany

Biostain Ready Reagents
Ltd, UK
Loba Chemie, India
Biostain Ready Reagents
Ltd, UK
Biostain Ready Reagents
Ltd, UK
Loba Chemie, India
Biostain Ready Reagents
Ltd, UK
Loba Chemie, India
Oxford Lab Chem, India

3.1.2 Brine
Brine samples from different SWRO desalination stations in Egypt were obtained to determine
the range of salinity that was used throughout this study Table 3.3-Table 3.6. Egypt’s two
sources of seawater are the Mediterranean Sea and the Red Sea. The Mediterranean Sea has an
average salinity of 35,000mg.L-1, while the average salinity of the Red Sea is 45,000mg.L-1
(analysis of seawater can be found in Annex I- Table 6I.1). Data collected from key personnel
in the desalination industry regarding the salinity of brine in Egypt is presented in Table 3.3.
Input number 1, 2 and 3 were eliminated since the raw water is not seawater. Inputs 4-11 were
all between 63,580mg.L-1 to 69,936mg.L-1, with only one input at 79,085mg.L-1. Further
research was conducted on input 12 where an interview highlighted that the maximum range
of brine from a desalination station along the Red Sea coast is 75,000 mg.L-1. It may reach
78,000 mg.L-1 only at very high temperatures or early stages of membrane use. Henceforth
salinity range between 60,000mg.L-1 - 80,000mg.L-1 was adopted in this study. For Algae
experiment 1, the minimum concentration that was utilized was 60,000mg.L-1 and the
maximum concentration used was 80,000. For Artemia experiment 1, three salinities were
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chosen; Pilot Tank A (PTA) = 63,000 mg.L-1, Pilot Tank B (PTB) = 67,500 mg.L-1 and Pilot
Tank C (PTC) = 75,000mg.L-1.
Table 3.3 A collection of brine samples from Egypt. ( all data obtained though primary research with key personnel in the
desalination industry).

No.

Source

Salinity
mS/cm

1

Red Sea - Inland desalination station with 57.9

MG.L-1
46320

high salt intrusion
2

Red Sea - Inland desalination station with 65.9

52720

high salt intrusion
3

Red Sea - Inland desalination station with 71.4

57120

high salt intrusion
4

Red Sea - Ridgewood for Water Desalination 81.2

64960

Company
5

Red Sea - Ridgewood for Water Desalination 80.2

64160

Company
6

Mediterranean Sea - Provided from Water 79.48

63584

Holding Company
7

Mediterranean Sea - Provided from Water 82.21

65764

Holding Company
8

Red Sea - Provided from Water Holding 84.62

67692

Company
9

Red Sea-

Provided from Water Holding 87.42

69936

Company
10

Mediterranean Sea - Remalia Desalination 83.3

66640

Station, Marsa Matrouh
11

Mediterranean Sea - Remalia Desalination 87.4

69920

Station, Marsa Matrouh
12

Red Sea - Al Yosr Station - Hurgada

98.85

51

79085

Sustainable Utilization of Desalination Concentrate

A detailed elemental analysis of brine contents, Table 3.4, was carried out to determine macro
and microelements.1
Table 3.4 Elemental analysis of brine

Ion2

Mediterranean Sea Brine

Red Sea Brine

mg.L-1 = mg.L-1

mg.L-1 = mg.L-1

Cl

36970.3

38379.8

Na

20059.4

20903.3

SO4

4307.5

4030.0

Mg

2498.4

2450.3

K

841.7

836.0

Ca

775.4

798.0

HCO3

241.2

228.4

CO3

51.8

49.3

B

9.56

9.06

Sr

8.615

8.060

CO2

0.45

0.45

F

0.2

0.2

SiO2

0.2

0.2

Ba

0.172

0.161

NO3

0.0

0.0

NH4

0.0

0.0

The following Table 3.5Table 3.6 include a detailed analysis of brine samples used in this
research. Samples were collected and analyzed at the Soils, Water & Environmental Research
Institute at the Agriculture Research Center, Cairo University, Giza, Egypt.
Table 3.5 Sample 1 brine Components (obtained from high salt intrusion inland RO desalination station, Sharm El Sheikh,
Egypt, with the following components).

Component

Value

EC (mS/cm)

60

mg.L-1

48,580

1

These numbers were kindly provided, for the purpose of this study, by Dr. Soliman Sorour, head of Research
Department, Water Holding Company, Egypt.
2
Further elemental analysis showed low levels of Chromium 0.013, Cadmium 0.032mg.L-1, Lead less than 1.5
pm and Arsenic less than 1.5mg.L-1.
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Component

Value

pH

3

Sodium (mg.L-1)

10,800.1

Calcium (mg.L-1)

3907.8

Magnesium (mg.L-1)

2369.5

Potassium (mg.L-1)

320.2

Carbonate (mg.L-1)

0.0

Bicarbonate (mg.L-1)

100.7

Chloride (mg.L-1)

23,516.5

Sulphate (mg.L-1)

9494.4

Table 3.6 Sample 2 brine components (obtained from Remalia SWRO desalination station in Marsa Matrouh, Egypt, with
the following components).

Component

Value

EC (mS/cm)

87.7

mg.L-1

70,160

pH

8.3

Sodium (mg.L-1)

15,600

Calcium (mg.L-1)

1,338

Magnesium (mg.L-1)

2,766

Potassium (mg.L-1)

615

Carbonate (mg.L-1)

-

Bicarbonate (mg.L-1)

259.3

Chloride (mg.L-1)

31,232

Sulphate (mg.L-1)

4,470

NH4+ (mg.L-1)

56.0

NO3- (mg.L-1)

Less than 1µg/l

Fe (mg.L-1)

Less than 0.2µg/

B (mg.L-1)

4.406

P (mg.L-1)

0.246

Total Nitrogen

0.2227%
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3.1.3 Organisms
- Microalgae: As deduced in section 2.3, the species Nannochloropsis and Chlorella were
tested in brine medium. The strain of Nannochloropsis sp. and Chlorella sp. were
acquired from local sources1.
-

Zooplankton: Two Artemia species were used in this study. The franciscana strain2,
native to the Great Salt Lake in Utah, USA, was the first and most preferred choice as
it has a small cyst diameter and therefore is more economically valuable (Lavens &
Sorgeloos, 1996). By Artemia Experiment 3 (Ar3), Artemia sp.3 was used.

3.1.4 Culture Media
BG11 Medium, presented in Table 3.7, adopted from Rippka et al. 1979, was used for the
growth of freshwater alga Chlorella sp. F/2 Medium, presented in Table 3.8, adopted from
Guillard and Ryther 1962, was used for growing the marine alga Nannochloropsis sp.
Table 3.7 BG11 Growth Medium Components

Compound

Concentration mg. L-1

NaNO3

1500

K2HPO4. 3H2O

40

MgSO4. 7H2O

75

CaCl2.2H2O

36

Citric acid

6

Ferric ammonium citrate

6

EDTA (disodium magnesium salt)

1

Na2CO3

20

Trace metal mix

1 ml

Deionized water

1000 ml

pH

7.4

Trace metal mix
H3BO3

2860

MnCl2.4H2O

1810

ZnSO4.7H2O

222

1

Nannochloropsis sp. was kindly supplied by Dr. Mona Amer, Faculty of Marine Sciences, Alexandria
University, while Chlorella sp. was kindly supplied by Dr. Maha Ismail, Faculty of Pharmacy, Cairo University.
2
Artemia Franciscana was kindly supplied by Dr. Nagy EL-Bermawy, Faculty of Agriculture, Alexandria
University, Egypt.
3
Artemia sp. was kindly supplied by The Egyptian Salts & Minerals Company- Emisal, Al-Fayoum, Egypt.
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Compound

Concentration mg. L-1

Na2MoO4.2H2O

390

CuSO4.5H2O

79

Co(NO3)2.6H2O

494

Table 3.8 F/2 Growth Medium Components

Compound

Concentration mg.L-1

NaNO3

75

NaH2PO4.H2O

5

Na2SiO3.9H2O*1

30

Trace element solution

1 ml

Vitamin solution

0.5 ml

Trace element solution
FeCl3.6H2O

3.15

Na2EDTA.2H2O

4.36

CuSO4.5H2O

1ml of 9800 mg. L-1

Na2MoO4.2H2O

1ml of 6300 mg L-1

ZnSO4.7H2O

1ml of 22,000 mg L-1

CoCl2.6H2O

1ml of 10,000 mg L-1

MnCl2.4H2O

1ml of 180,000 mg L-1

Vitamin solution
Thiamine HCL (vit.B1)

200

Biotin (vit.H)

1ml of 1000 mg/l stock in distilled water

Cyanocobalamin (vit. B12)

1ml of 1000 mg/l stock in distilled water

3.1.5 Equipment
Water bath

1

Memmert, Rose Scientific Ltd, Canada

Centrifuge

Centurion, scientific Ltd, UK

Vortex

Stuart, UK

pH meter

Orion Star, Thermo Scientific, US

Na2SiO3.9H2O was omitted for Nannochloropsis cultivation (not a diatom algae and does not need silica salt).
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Lutron Electronic Enterprise Ltd,

LUX meter

Taiwan
Spectrophotometer

Jenway, UK

Conductivity meter

Orion Star, Thermo Scientific, US

Air Compressors with 2 outlets 4l/min

SOBO, China

each
Heaters 2KW

Germany

Insulated heater 300W

XiLONG, Dongguanshi Guan Yi ECommerce Ltd. China

Thermostat

EliWell, Schneider Electric, France

Water quality monitoring system

Nilebot, Egypt

Air Compressor 120 L/min

Hailea, Guangdong Hailea Group Co.,
Ltd, China

Motors 150RPM
BioPette, Labnet International Inc., US

Volumetric pipette
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3.2 Methods
3.2.1 Algae Experiment One (AG1)
This experiment was conducted using the algae species Chlorella sp. and Nannochloropsis sp.,
following the fed-batch culture system for algae growth. The fed-batch system was used to
determine the relationship between algae growth and the rate of water displacement. This is of
great importance since desalination stations produce a set volume of brine daily. It is therefore
necessary to identify the volume of brine that may be added per day and the amount of algae
that may be harvested daily.

Figure 3.1 Image of Experiment AG1 set-up conducted at Cairo University

The experiment was set up as shown in Figure 3.1. Two 10L glass tanks, also known as photobioreactors (PBRs), were filled with the culture medium suitable for each alga. The PBRs were
illuminated by 6W LED bulbs providing an illumination intensity of 5000 lux under diurnal
cycle conditions of 16h light and 8h dark to simulate the natural day/night cycle as suggested
by (Ismail, Essam, Ragab, & Mourad, 2016; Rocha, Garcia, & Henriques, 2003). Two motors
of average rpm of 150 were used to provide agitation. The experiment was kept under room
temperature (25-32 ˚C). BG11 (Table 3.7) and F/2 culture (Table 3.8) media were used for the
growth of Chlorella sp. and Nannochloropsis sp. respectively. The brine used in AG1 was
obtained from high salt intrusion inland RO desalination station, Sharm El Sheikh, Egypt,
components specified in Table 3.5. Several phases were conducted to determine the most
optimum conditions with the highest biomass growth and shortest hydraulic retention time. The
phases included different concentrations of brine and different hydraulic retention times
(HRT). Brine was originally diluted with the culture medium suitable for of each alga to ensure
the gradual acclimatization of the algae to salt stress conditions. Conditions for each alga and
its phases are displayed in Table 3.9. Samples were withdrawn daily to monitor biomass growth
through the measurement of chlorophyll a content. Samples for ion analysis were withdrawn
on the first and last days of a phase to highlight any change in component concentrations.
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Table 3.9 Alga Growth Parameters

Microalga

Phases

Chlorella sp.

Nannochloropsis
sp.

A
B
C
D
A
B
C
D

Ratio of brine :
culture medium (L)
0.5 : 1.5
1:1
2:1
2:1
1:1
2:1
3:1
3:1

HRT (days)
5
5
5
4
5
5
5
4

Chlorophyll a (Chla) content measurements were conducted according to the methodology
presented by (X. Chen et al., 2011). A 5ml sample was taken from each experiment, the sample
was centrifuged for 10 minutes at 6000 rpm and the supernatant was discarded. The algae pellet
was washed twice with phosphate buffered saline. Methanol was then added to the pellet and
submerged into a water bath for 10 minutes at 70°C to ensure the removal of all the chlorophyll
from algae cells. The sample was centrifuged at 6000 rpm for 10 minutes and the absorbance
of the supernatant was then measured by a spectrophotometer (Jenway) at λ = 665 and 750 nm.
The Chla in the resulting supernatant was calculated using the following equation:
Chlorophyll a content (mg l−1 ) = 13.9 × (Abs665 − Abs750 )
For ion analysis tests, 100 ml sample from each cylinder were centrifuged at 4000 rpm for 10
minutes to separate algae from solution. Samples were filtered using a syringe filter 0.45
micron to obtain a clear solution. Analysis was conducted at Soils, Water & Environmental
Research Institute at the Agriculture Research Center, Cairo University, Giza, Egypt. Water
samples were analyzed to determine the uptake of different ions and compounds by the
microalga and to estimate the general change in total dissolved solids (TDS) and detailed
changes in component concentrations. Electrical conductivity and pH were determined by
Electrical Conductivity Meter model WTW Series Cond 720 and pH Meter model WTW Series
pH 720. Methods of analysis for cations (Na+, Ca++ and Mg++) and anions (Cl-, SO4-, and
HCO3--) were performed according to (ICARDA, 2013). Soluble Potassium was determined
by flame photometer method described in (ICARDA, 2013). Soluble Phosphorus and Iron in
water were acidified with conc. HNO3 (I ml Nitric acid for 100 ml water) and filtered through
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filter paper, Whatman number 45 (Eaton, Clesceri, Rice, & Greenberg, 2005) and determined
using inductively coupled plasma (ICP) Spectrometry (model Ultima 2 JY Plasma) according
to (EPA, 1991). Soluble N-NH4+ and N-NO3 in water were determined using micro-kjeldahl
method according to (AOAC, 1995). Total Nitrogen (TN) was determined by mixed acids; ratio
of sample to sulfuric acid of 1 : 10 and 1g using Kjeldahl methods of determining total nitrogen
in soil according to (AOAC, 1995).

3.2.2 Algae Experiment Two (AG2)

[A]

[B]

[C]

Figure 3.2 Image of Experiment AG2 set-up conducted at Cairo University, phase A [A], phase B [B] and phase C [C].

This experiment was designed to adapt Nannochloropsis sp. alga to high salinities and to test
the alga’s ability to uptake salt. Algae batch conditions were followed where the alga was
inoculated in various salt stress conditions, assessing biomass production and nutrient uptake.
The level of biomass was monitored daily through measurements of chlorophyll a content.
Samples were collected on Day 0 and the final experiment day to determine nutrient uptake.
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The experiment is set up as displayed in Figure 3.2. Measuring cylinders (500ml), were used
as photo-bioreactors (PBRs). Table 3.10 explains the growth medium conditions used to fill
each PBR; the growth mediums employed were a combination of F/2 medium at different
salinities or brine diluted with F/2 medium at different ratios or brine supplemented with F/2
medium nutrients. Fifty milliliters of Nannochloropsis biomass (10 % of the final volume),
adjusted to contain around 7 mg.L-1 chlorophyll a, was added to each PBR. Aeration was
supplied by a 4mm hose providing an air flow of 4L/min. Parafilm was used to cover the
cylinders to limit evaporation, which may increase salinity by concentration. For each PBR 6W
LED bulbs offered an average illumination intensity of 5000 lux in a diurnal cycle of 16h light
and 8h dark. The experiment was conducted at room temperature (25-32°C).
This experiment was carried out in three phases. Phase A, displayed in Figure 3.2 (A), tested
the growth of Nannochloropsis sp. in F/2 medium with different concentrations of sea salts;
30,000 mg.L-1, 40,000 mg. L-1 and 50,000 mg. L-1. Phase B, portrayed in Figure 3.2 (B), tested
the growth of Nannochloropsis sp. in F/2 medium with different concentrations of sea salts;
60,000 mg.L-1, 70,000 mg. L-1 and 80,000 mg. L-1. This phase also tested the growth of the
algae in brine (Table 3.6) and in a diluted brine and F/2 medium; dilution rate was 1:1 with F/2
optimized to the same salinity as the brine. Phase C, represented in Figure 3.2 (C), tested the
growth of Nannochloropsis sp. in brine with three different concentrations of F/2 nutrients (i.e.
the brine was used as a vehicle to dissolve F/2 nutrients instead of using distilled water). The
three concentration ratios are: brine and full F/2 nutrients (1:1), brine and half F/2 nutrients
(1:0.5) and brine and a quarter F/2 nutrients (1:0.25). Tests were also conducted in an attempt
to displace microelements in F/2 nutrient with cheaper substitutes or to omit them completely.
A test was conducted to remove the use of vitamin solution since it is very expensive. Two
tests were set to displace NaNO3 with Urea, once with vitamin solution and once without. A
brief breakdown of all trails is displayed in Table 3.10. For each test administered a duplicate
was conducted to ensure validity of readings obtained. Water sample (100ml) collected at Day
0 and the last day of the experiment to test for changes in elements levels. Chlorophyll a content
was monitored daily to measure biomass growth. As soon as the algae reaches stationary phase
(when chl a content reached a plateau), the experiment was stopped. Measurements of Chl-a
content and ion analysis were conducted as per the description found in at the end of section
3.2.157.
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Table 3.10 Nannochloropsis growth trials under batch culture conditions (AG2)

Nannochloropsis Trials

Phase A

Phase B

Conditions
S30

30,000 mg.L-1

S40

40,000 mg.L-1

S50

50,000 mg.L-1

S60

60,000 mg.L-1

S80

70,000 mg.L-1

S80

80,000 mg.L-1

BA

Brine

BB

Brine : F/2 medium (optimized at brine
salinity)

BC

Brine : F/2 Nutrients

BD

Brine : 0.5 (F/2 Nutrients)

BE

Brine : 0.25 ( F/2 Nutrients)

BF

Brine

Phase C

:

F/2

Nutrients

(Excluding

Vitamins)
BG

Brine

:

F/2

Nutrients

(NaNO3

substituted by urea)
BH

Brine

:

F/2

Nutrients

(NaNO3

substituted by urea and No Vitamins)

3.2.3 Artemia Experiment One (Ar1)
This experiment was carried out to test the reproductive ability (cyst generation) and biomass
production of the zooplankton Artemia Fransiscana under different concentrations of brine
(identified in the section 3.1.2). The aim of the experiment was to find the optimum
concentration for Artemia growth and maximum production of cysts. If successful, such a
scheme would bring great economic benefits, since Artemia cysts are a high value commodity,
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allowing for the sustainable use of brine. The experimental set-up includes two sections:
hatching and pilot.
The hatching unit, presented in Figure 3.3, was set up indoors to prepare large biomass
quantities for the pilot tanks. The outer tank includes two 300W insulated heaters that allow
the tank to act as a water bath regulating the temperature of hatching to 27°C ±1°C. Bottles
inside the tank were filled with filtered seawater and aerated by 4mm silicone air hoses with
air flow of 4l/min. Two light boxes, each carrying two 9W LED lights, were positioned on top
and to the side of the tank. Conditions for hatching were adopted from Food and Agriculture
Organization, Manual on the Production and Use of Live Food for Aquaculture, Chapter 4
Artemia (Lavens & Sorgeloos, 1996).

Figure 3.3 Image of Experiment Ar1 set-up conducted at AUC indoors

Once the cysts have fully hatched, acclimatization would take place. A gradual increase in
salinity was implemented, along several days, until the Artemia reaches the parameters set for
the pilot test (section 3.1.2). Once the required salinity of the pilot tank was reached, the
Artemia was counted, to ensure that there was no loss of biomass, and transferred.
The pilot experiment was conducted outdoors using three 1m3 tanks, Figure 3.4. Air
compressors with an airflow of 120l/min were installed in each tank. A circular ring inside each
tanks supports four 10mm air hoses to ensure water circulation. Several heaters capacities
600W, 1KW and 2KW were tested to ensure a temperature of 24°C during winter months. Two
Kilowatt heaters provided the best result, and thus three were installed, once in each tank Figure
3.5 (A). Temperature sensors and controllers were installed to allow automatic fixation of the
desired temperature. Each heater was insulated using a wide perforated PVC pipe covered with
62

Sustainable Utilization of Desalination Concentrate

silk cloth. This design, Figure 3.5 (C & D), will allow the water to be in contact with the heater
and not permit the Artemia to be harmed. Nilebot system, Figure 3.5 (B) was also installed to
each tank. This system monitors the amount of dissolved oxygen the pH levels and the
temperatures, readings were taken every 30 minutes and notifications were sent via email if set
thresholds were not being obtained.1
Artemia takes an average of 1 month to reach maturity and its reproductive phase and has a life
span of 3 months. 100 ml samples were taken and counted every other day to ensure biomass
survival. Collection of cysts was carried out every 4 weeks. The following Table 3.11Table
3.13 detail the step by step approach that was followed in this Artemia experiment.2 Table 3.14
portrays an integrated sequential timeline for the simultaneous preparation of the pilot tanks.
Salinity for each tank was adjusted from brine (Table 3.6) by using sea salts, in Pilot Tank A
(PTA), and deionized water, in Pilot Tank B and C (PTB & PTC).

Figure 3.4 Image of Experiment Ar1 set-up conducted at AUC Outdoors

1

All mechanical work conducted on the tanks were carried out by Engineer Ahmed El-Beltagy, Lab Engineer at
Yousef Jamel Science and Technology Research Center AUC, and myself.
2
All Artemia cysts and food, including Dunaliella paste, yeast and fatty acids, for this experiment (Ar 1) were
kindly provided by Dr. Nagy El Bermawy.
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[A]

[B]

[D]

[C]

Figure 3.5 Image of Experiment Ar1 set-up conducted at AUC Outdoors. Portrayal of a pilot tank from inside showing circular
distribution of air flow and placement of the 2KW heater [A]. Nilbot monitoring system [B]. Design of perforated pipe covered
with silk to allow contact between the heater and the media and to inhibit contact between Artemia and the heater [c].
Depiction of final conditions, timer and temperature controller can be seen as well as the placement of the perforated pipe as a
cover for the heater [D].
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Tank A, brine conditions 75,000 mg.L-1.
Table 3.11 Experimental Procedure for Ar1, Tank A

Day
HP

1

2

3

4

Day

Stage 1 (S.1)- Batch one for Tank A

Stage 2 (S.2) Batch two for Tank A

PTA

Hatching
1. Place cysts in hating unit (5g of cysts on
2.5 liters)
2. Leave for 24 hours
Collection
1. Collect nuplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
5. Collect remaining nauplii from hatching
6. Place in (CSU)
7. Feed
8. Leave for 4-6
Acclimatization (Part 1)
1.Collect nauplii from First Feed
2. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
3. Leave for 20 hours
Acclimatization (Part 2)
1. Feed
2. Leave for 4-6 hours
3. Increase salinity of A.pt.1 to 50,000 mg.L1 (A.pt.2)

Specifications, procedures &
components
Hatching unit specifications
a) Fresh seawater (35,000-40,000
mg.L-1)
b) Water must be warm 28°
c) Aeration 3.5-4 l/min
d) 4 LED 6W bulbs
Collecting procedure
a) Shine light at the end of the
bottle
b) Wait 15-20 mins until the
water has cleared
c) Using a 10ml pipet pump
remove nauplii
d) Place in petri dish or directly in
new conditions

Hatching
1. Place cysts in hating unit (5g of cysts on
2.5 liters)
2. Leave for 24 hours
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Clean Seawater Unit (CSU)
a) Container 1.5-liter bottle
b) Turned upside down with open
top
c) Contains seawater
d) Aeration 3.5-4 l/min
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Day
HP

Day

4. Leave for 20 hours
Acclimatization (Part 3)
1. Feed Artemia in A.pt.2 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 60,000 mg.L1 (A.pt.3)
4. Leave for 20 hours
Acclimatization (Part 4)
1. Feed Artemia in A.pt.3 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 70,000 mg.L-1
(A.pt.4)
4. Leave for 20 hours

5

6

7

8

Stage 1 (S.1)- Batch one for Tank A

Stage 2 (S.2) Batch two for Tank A

PTA

1

2

Day 1 -Pilot Tank A (PTA)
1. Collect Artemia from A.pt.
2. Place Artemia in Large tank 75,000 mg.L-1
conditions

Collection
1. Collect nauplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
5.Collect remaining nauplii from hatching
6.Place in (CSU)
7.Feed
8.Leave for 4-6
Acclimatization (Part 1)
1. Collect nauplii from First Feed
2. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
3. Leave for 20 hours
Acclimatization (Part 2)
1. Feed
2. Leave for 4-6 hours
3. Increase salinity of A.pt.1 to 50,000 mg.L-1
(A.pt.2)
4. Leave for 20 hours
Acclimatization (Part 3)
1. Feed Artemia in A.pt.2 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 60,000 mg.L-1
(A.pt.3)
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Specifications, procedures &
components
HP Feed components
a) 100ml of deionized water
b) 1.5g DHA
c) 1.5g EPA
d) 0.5g Algae Dunaliella
e) 0.25g yeast
f) Vigorous shaking to suspend
particles
Acclimatization part 1 (A.pt.1)
tank conditions
a) 10 liters of brine 40,000 mg.L-1
b) Air pump 8 l/min3
Acclimatization part 2 (A.pt.2)
tank conditions
c) 10 liters of brine 50,000 mg.L-1
d) Air pump 8 l/min
Acclimatization part 3 (A.pt.3)
tank conditions
a) 10 liters of brine 60,000 mg.L-1
b) Air pump 8 l/min
Acclimatization part 4 (A.pt.4)
tank conditions
a) 10 liters of brine 70,000 mg.L-1
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Day
HP

9

10

Day

Stage 1 (S.1)- Batch one for Tank A

Stage 2 (S.2) Batch two for Tank A

PTA

4. Leave for 20 hours
Acclimatization (Part 4)
1. Feed Artemia in A.pt.3 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 70,000 mg.L-1
(A.pt.4)
4. Leave for 20 hours
Day 4 -Pilot Tank A (PTA)
1. Collect Artemia from A.pt.4
2. Place Artemia in Large tank 75,000 mg.L-1
conditions

3

4

Specifications, procedures &
components
b) Air pump 8 l/min
PTA feed components
c) 10L 50,000 mg.L-1 brine
d) 100 g chicken manure
e) 10g urea
f) Aeration 4l/min

Tank B, brine conditions 67,000 g.L-1.
Table 3.12 Experimental Procedure for Ar1, Tank B

Day Day
(HP)

1

2

3

Stage 1 (S.1)- Batch one for Tank B

Stage 2 (S.2) Batch two for Tank B

(PTB)

Hatching
1. Place cysts in hating unit (5g of cysts on
2.5 liters)
2. Leave for 24 hours
Collection
1. Collect nauplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
5. Collect remaining nauplii from hatching
6. Place in (CSU)

Specifications, procedures &
components
Hatching unit specifications
a) Fresh seawater (35,000-40,000
mg.L-1)
b) Water must be warm 28°
c) Aeration 3.5-4 l/min
d) 4 LED 6W bulbs
Collecting procedure
a) Shine light at the end of the
bottle
b) Wait 15-20 mins until the
water has cleared
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Day Day
(HP)

4

5

6

Stage 1 (S.1)- Batch one for Tank B

Stage 2 (S.2) Batch two for Tank B

(PTB)

1

7. Feed
8. Leave for 4-6
Acclimatization (Part 1)
1.Collect nauplii from First Feed
2. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
3. Leave for 20 hours
Acclimatization (Part 2)
1. Feed
2. Leave for 4-6 hours
3. Increase salinity of A.pt.1 to 50,000 mg.L1
(A.pt.2)
4. Leave for 20 hours
Acclimatization (Part 3)
1. Feed Artemia in A.pt.2 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 60,000 mg.L1
(A.pt.3)
4. Leave for 20 hours
Day 1 -Pilot Tank B (PTB)
1. Collect Artemia from A.pt.3
2. Place Artemia in Large tank 67,000 mg.L1
conditions

Hatching
1. Place cysts in hating unit (5g of cysts on
2.5 liters)
2. Leave for 24 hours

Collection
1. Collect nauplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
5.Collect remaining nauplii from hatching
6.Place in (CSU)
7.Feed
8.Leave for 4-6
Acclimatization (Part 1)
1. Collect nauplii from First Feed
2. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
3. Leave for 20 hours
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Specifications, procedures &
components
c) Using a 10ml pipet pump
remove nauplii
d) Place in petri dish or directly
in new conditions
Clean Seawater Unit (CSU)
a) Container 1.5-liter bottle
b) Turned upside down with
open top
c) Contains seawater
d) Aeration 3.5-4 l/min
HP Feed components
a) 100ml of deionized water
b) 1.5g DHA
c) 1.5g EPA
d) 0.5g Algae Dunaliella
e) 0.25g yeast
f) Vigorous shaking to suspend
particles
Acclimatization part 1 (A.pt.1)
tank conditions
a) 10 liters of brine 40,000 mg.L1

b) Air pump 8 l/min3
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Day Day
(HP)

(PTB)

7

2

8

9

Stage 1 (S.1)- Batch one for Tank B

Stage 2 (S.2) Batch two for Tank B
Acclimatization (Part 2)
1. Feed
2. Leave for 4-6 hours
3. Increase salinity of A.pt.1 to 50,000 mg.L1
(A.pt.2)
4. Leave for 20 hours
Acclimatization (Part 3)
1. Feed Artemia in A.pt.2 conditions
2. Leave for 4-6 hours
3. Increase salinity of A.pt.2 to 60,000 mg.L1
(A.pt.3)
4. Leave for 20 hours
Day 4 -Pilot Tank A (PTB)
1. Collect Artemia from A.pt.3
2. Place Artemia in Large tank 67,000 mg.L1
conditions

3

4

Specifications, procedures &
components
Acclimatization part 2 (A.pt.2)
tank conditions
a) 10 liters of brine 50,000 mg.L1

b) Air pump 8 l/min
Acclimatization part 3 (A.pt.3)
tank conditions
a) 10 liters of brine 60,000 mg.L1

b) Air pump 8 l/min
PTA feed components
a) 10L deionized water
b) 100 g chicken manure
c) 10g urea
d) Aeration 4l/min

Tank C, brine conditions 63,000 mg.L-1.
Table 3.13 Experimental Procedure for Ar1, Tank C

Day Day
(HP)

1

2

Stage 1 (S.1)- Batch one for Tank C

Stage 2 (S.2) Batch two for Tank C

(PTC)

Hatching
1. Place cysts in hating unit (5g of cysts on
2.5 liters)
2. Leave for 24 hours
Collection
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Specifications, procedures &
components
Hatching unit specifications
e) Fresh seawater (35,00040,000 mg.L-1)
f) Water must be warm 28°
g) Aeration 3.5-4 l/min
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Day Day
(HP)

3

4

5

Stage 1 (S.1)- Batch one for Tank C

Stage 2 (S.2) Batch two for Tank C

(PTC)

1

1.Collect nauplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
5. Collect remaining nauplii from hatching
6. Place in (CSU)
7. Feed
8. Leave for 4-6
Acclimatization (Part 1)
1. Collect nauplii from First Feed
2. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
3. Leave for 20 hours
Acclimatization (Part 2)
1. Feed
2. Leave for 4-6 hours
3. Increase salinity of A.pt.1 to 50,000 mg.L1
(A.pt.2)
4. Leave for 20 hours
Day 1 -Pilot Tank C (PTC)
1.Collect Artemia from A.pt.2
2. Place Artemia in Large tank 63,000 mg.L1
conditions

Specifications, procedures &
components
h) 4 LED 6W bulbs
Collecting procedure
e) Shine light at the end of the
bottle
f) Wait 15-20 mins until the
water has cleared
g) Using a 10ml pipet pump
remove nauplii
h) Place in petri dish or directly
in new conditions

Hatching
3. Place cysts in hating unit (5g of cysts on
2.5 liters)
4. Leave for 24 hours

Collection
1.Collect nauplii from hatching unit (after
collection, keep unit running)
2. Place nauplii in clean seawater unit (CSU)
3. Feed
4. Leave for 15-20 hours
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Clean Seawater Unit (CSU)
e) Container 1.5-liter bottle
f) Turned upside down with
open top
g) Contains seawater
h) Aeration 3.5-4 l/min
HP Feed components
g) 100ml of deionized water
h) 1.5g DHA
i) 1.5g EPA
j) 0.5g Algae Dunaliella
k) 0.25g yeast
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Day Day
(HP)

(PTC)

6

2

7

8

3

4

Stage 1 (S.1)- Batch one for Tank C

Stage 2 (S.2) Batch two for Tank C
5.Collect remaining nauplii from hatching
6.Place in (CSU)
7.Feed
8.Leave for 4-6
Acclimatization (Part 1)
4. Collect nauplii from First Feed
5. Put nauplii in 10L of brine 40,000 mg.L-1
(A.pt.1)
6. Leave for 20 hours
Acclimatization (Part 2)
5. Feed
6. Leave for 4-6 hours
7. Increase salinity of A.pt.1 to 50,000 mg.L1
(A.pt.2)
8. Leave for 20 hours
Day 4 -Pilot Tank C (PTC)
5. Collect Artemia from A.pt.2
6. Place Artemia in Large tank 63,000
mg.L-1 conditions

An integrated sequential timeline for the simultaneous preparation of the pilot tanks.
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Specifications, procedures &
components
l) Vigorous shaking to suspend
particles
Acclimatization part 1 (A.pt.1)
tank conditions
c) 10 liters of brine 40,000 mg.L1

d) Air pump 8 l/min3
Acclimatization part 2 (A.pt.2)
tank conditions
e) 10 liters of brine 50,000 mg.L1

f) Air pump 8 l/min
PTA feed components
e) 10L deionized water
f) 100 g chicken manure
g) 10g urea
h) Aeration 4l/min
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Table 3.14 Experimental Timeline for Ar1

Day
1
2
3

Day
(PTA)

4
5

PTA- Batch 1
Hatching
Collection
Acclimatization
(Part 1)
Acclimatization
(Part 2)
Acclimatization
(Part 3)
Acclimatization
(Part 4)
Day 1 -PTA

PTA- Batch 2

Day
(PTB)

PTB- Batch1

PTB- Batch 2

Day
(PTC)

PTC- Batch 1

PTC- Batch 2

Hatching
Collection

6

1

Acclimatization
(Part 1)
Acclimatization
(Part 2)
Acclimatization
(Part 3)
Acclimatization
(Part 4)
Day 4 -PTA

Hatching

7

2

8

3

9

4

10

5

11

6

1

12

7

2

13

8

3

14

9

4

15

10

5

1

16

11

6

2

17

12

Collection
Acclimatization
(Part 1)
Acclimatization
(Part 2)
Acclimatization
(Part 3)
Day 1 –PTB

Hatching
Collection
Acclimatization
(Part 1)
Acclimatization
(Part 2)
Acclimatization
(Part 3)
Day 3 - PTB

7

Hatching
Collection

3

-1

-1

Acclimatization
(Part 1)
Acclimatization
(Part 2)
Day 1 - PTC

Hatching
Acclimatization
(Part 2)
Acclimatization
(Part 2)
Day 3 - PTC

PTA- Pilot Tank A (75,000 mg.L ) - PTB- Pilot Tank B (67,000 mg.L ) - PTC- Pilot Tank C (63,000 mg.L-1)
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Results to be collected from this experiment include:
A. Identifying the ‘Hatching Percentage’
This test is conducted after each hatching cycle. A sample of 1ml (sample size depends on the
hatchability of the cysts and practical counting numbers under a microscope) was taken and
counted under the microscope to identify:


Umbrella (unhatched)



Nuplii



Dead Nauplii

This test was repeated 10 times and an average was calculated.
B. Testing ‘Survival Rate’
This test was conducted after acclimatization; it provides an indication of the deaths that
occurred due to salinity increase. This test also provides the number of Artemia going into the
pilot tank. A sample was taken and counted under the microscope to identify living Artemia
and dead Artemia. Note that the sample size taken depends on the survival rate and density of
Artemia present. A total of 10 samples were counted with an average taken as the final result.
C. Measurement of Existing biomass
This test was conducted every other day on the pilot tanks. A sample was taken (again sample
size depends on the survival rate and density of Artemia per liter) and counted under the naked
eye. Observational measurements recorded for
-

Number of females with complete ovisac

-

Number of females with empty ovisac

-

Number of coupling

Counting would be repeated 3 times and an average was calculated as a final result.
D. Nutrient value
This test was conducted at the end of the 3 months. A sample of nauplii was collected and
tested for its contents of highly unsaturated fatty acids, protein, carbohydrate and ash.
E. De-capsulate Cysts
This process is carried out in order to dry Artemia cysts for storage and weighing purposes.
The following steps were adopted from (Lavens & Sorgeloos, 1996).
-

Hydrate cysts by placing them for 1 h in water (< 100,000 mg.l-1), with aeration, at
25°C.

-

Collect cysts on a 125 µm mesh sieve, rinse, and transfer to the hypochlorite solution.
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-

The hypochlorite solution is made up of liquid bleach NaOCl (fresh product; activity
normally =11-13 % w/w)

-

Cool the solution to 15-20°C

-

Add the hydrated cysts and keep them in suspension with an aeration tube for 5-15
min.

-

Check the temperature regularly, since the reaction is exothermic; never exceed 40°C
(if needed add ice to decapsulation solution).

-

Check evolution of decapsulation process regularly under microscope. When cysts
turn orange (3-15 mins) cysts should be removed from the decapsulation suspension.

-

Rinse cysts with water on a 125 µm screen until no chlorine smell is detected
anymore.

3.2.4 Artemia Experiment Two (Ar2)
This experiment focuses on the growth of Artemia Fransiscana under lab conditions until their
adult stage. The experiment tests three stress factors on Artemia growth, salt stress, aeration
and diet. It aims to demonstrate that Artemia can live in brine originating from seawater RO
desalination stations. Figure 3.6 portrays the experimental setup of Ar2. The hatching unit is
identical to the one used in Ar1, with the only difference being the use of small, 1.5L, plastic
bottles instead of the 5L bottles. Once removed from the hatchery, the nauplii were transferred
to 5L plastic bottles that can be closely monitored. The experiment was divided into two phases,
each phase tests different parameters to identify optimum growth conditions.

[A]

[B]

Figure 3.6 Image of Experiment Ar2 set-up conducted at AUC indoors. The hatching unit is presented using small 1.5L upturned
plastic bottles (A). Portrayal of Artemia growth in 5L upturned bottles, buckets are present for to support the bottles (B).
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Testing the survival of Artemia, under salt stress: Phase A
Phase A closely monitors Artemia’s survival rate during the gradual increase of salt stress. A
hatching unit was set up, Figure 3.6 (A), using 1.5L upturned plastic bottles filled with 1L of
filtered seawater. Cysts were added in each bottle with a density of 0.5g/l, aeration was
provided at 4l/min and illumination of 2000LUX was delivered for 24h. Several batches of
Artemia were made and an incremental daily increase of salinity by 5mS.cm-1 (4,000 mg.L-1)
took place. Thirty milliliters of Dunaliella (5,000 mg.L-1 of Dunaliella paste dissolved in
deionized water) were fed to each bottle daily. Brine water from PTA, containing Tetraselmis
algae1, was used as an acclimatization medium that also includes food for Artemia growth.
Counting took place daily to closely monitor survival rate of Artemia after each incremental
increase in salinity.
Testing the survival of Artemia in different conditions of aeration and feed: Phase B
Phase B tests the effects of aeration and feed on the growth and survival rate of Artemia. No
salt stress was administered. To test the effects of aeration, two 1.5L upturned plastic bottles,
with 1L of filtered seawater, were placed in the hatching unit as presented in Figure 3.6 (A).
Cysts were added in each bottle with a density of 0.5g/l and illumination of 2000LUX for 24
hours. Cyst density and illumination intensity remained constant for all tests conducted in phase
B. Aeration was provided by small air compressors connected to 4mm hoses. Air flows tested
include 4l/min and 2.5l/min. Counting took place daily to monitor the survival rate of the
Artemia.
To test the effects of feeding diets on Artemia survival rate, three 1.5L upturned plastic bottles,
with 1L of filtered seawater, were placed in the hatching unit as presented in Figure 3.6 (A).
Aeration was set at 4l/min for each test. Three different feeding diets were administered to
assess Artemia’s responsiveness to food. Feeding using Dunaliella paste, Spirulina powder2
and live Tetraselmis algae was altered to optimize the growth of Artemia. Counting took place
daily to monitor the survival rate of the Artemia.
Results to be collected from this experiment
A. Testing ‘Survival Rate’
For phase A, this test was conducted after each incremental acclimatization; it provides an
indication of the deaths that occurred due to salinity increase. For phase B, samples were taken

1

During Artemia Experiment 1, several batches of Artemia and pilot feed were added to PTA. This resulted in a
natural bloom of the algae Tetraselmis.
2
Spirulina powder was bought from Imtenan Health Shop, Giza, Egypt.
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daily to investigate the effect of aeration and feed on Artemia’s survival rate. Samples were
counted under the microscope to identify living Artemia and dead Artemia. Note that the
sample size taken depended on the survival rate and density of Artemia present. A total of 10
samples were counted with an average taken as the final result.
B. Daily measurements of salinity
For phase A, daily measurements of salinity were taken to monitor the effect of salinity of
Artemia survival.
C. Measurements of length
For phase B feed experiments, a sample of 10 Artemia were selected randomly. Each Artemia
was placed under a microscope and the length was measured. These measurements provided
an indication of Artemia growth under different feeding conditions.

3.2.5 Artemia Experiment Three (Ar3)
This experiment focuses on the ability of adult Artemia sp. to survive in brine (Table 3.6).
Artemia sp. was brought from the salt works at The Egyptian Salts & Minerals CompanyEmisal, in Fayoum and set under different experimental conditions. This experiment was
carried out in two phases each phase included a visit to the salt works. Experimental conditions
in each phase include:
Phase One
1- Indoor tests
As portrayed in Figure 3.7 (A), three upturned 5L bottles (replicas) were placed in a water bath
with an average temperature of 28°C ±1. Aeration with air flow of 4L/min was supplied to each
bottle. Each bottle contained 2 liters of brine and salt work water with a ratio of 1:1. A control
test was conducted having the same temperature and aeration but water content included only
water from the salt work Emisal. Detailed component analysis of salt work water is presented
in Annex I- Table 6.2.
2- Outdoor tests
Two upturned 5L bottles (replicas) were placed outdoors, as shown in Figure 3.7 (B),
mimicking the conditions present at the salt works of Fayoum. Each bottle contains brine and
salt work water with a ratio of 1:1. Aeration was provided at an air flow of 4l/min. Artemia was
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monitored daily to check the survival rate. A smaller upturned bottle, 1.5L, was placed in
similar conditions to the 5L tests. This test was conducted with no aeration.

Figure 3.7 Images of Experiment Ar3 set-up conducted at AUC. Adult Artemia sp. placed in indoor conditions (A), Adult Artemia
sp. placed in outdoor conditions (B).

Phase Two
1- Indoor conditions
Four Artemia tanks, each 18L, were brought indoors. Salinity of all tanks was optimized at
80,000 g.L-1. Two of the tanks included brine, water from the salt works and water from PTA
(infused with Tetraselmis algae). The other two tanks included brine, and water from the salt
works. Aeration was provided at an air flow of 4l/min for each tank. Temperature was
maintained at 24°C using the air conditioner. Small samples of 10 Artemia, three replicas, were
collected from each tank and set aside for daily monitoring and calculating the survival rates.
Artemia was transferred to outdoor pilot tanks, where conditions were monitored.

2- Outdoor conditions
Artemia sp. was divided into four buckets each with 5L of medium. Two of the buckets contain
brine while the other two contain water from the salt works, Figure 3.8. One of each medium
was aerated with an airflow of 4l/min. The buckets were all covered with a net and left outdoors.
The numbers of Artemia were monitored daily to determine survival rates.
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Figure 3.8 Image of Experiment Ar3 outdoor set-up conducted at Manial Sheha, Giza, Egypt
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Results and Discussion
This chapter details the results of the Five experiments designed to test the ability of algae and
Artemia to generate economic benefit and help decrease the salinity of brine making it more
environmentally friendly.

4.1 Algae Experiment One (AG1)
Throughout this experiment two phases were tested. Phase A included the growth of Chlorella
and Nannochloropsis in a diluted brine medium using a fed-batch culture system. Phase A
focused on adapting Nannochloropsis to grow in brine. The uptake of ions and nutrients was
measured to determine the capability of the algae to reduce salt content in the brine.
4.1.1 The ability of Chlorella sp. to grow in the diluted brine
During preparation of Phase A, the chosen growth medium for Chlorella growth was the Bold
Basal Medium (BBM) (components presented in Annex I- Table 6.3), resulted in a chemical
incompatibility with brine. The algae failed to grow, and solids precipitated at the bottom of
the tank. This result was not previously encountered in literature. Matos et al. 2015
experimented with the growth of Chlorella in diluted solutions of BBM and brine from an
inland station, no chemical incompatibility was reported. The result obtained could be

CHLOROPHYLL A CONTENT (MG.L1)

attributed to the high salt concentration available in brine, facilitating its reaction with BBM
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Figure 4.1 The measured chlorophyll-a content as function of time representing the growth of Chlorella in the tested brine using
a fed-batch system at HRT=5d Chlorella(AG1)

components.
Chlorella sp. was regrown in BG11 culture medium, as indicated in the studies conducted by
Kim et al. 2016; Wang et al. 2016; and Luangpipat and Chisti 2017. Chlorella sp. was reset for
Phase A experimental condition, ratio 1:3 of brine and BG11 medium. Figure 4.1, portrays the
biomass growth of Chlorella sp. The results show a gradual decrease in Chl-a content from day
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zero until day ten. The rate of biomass loss decreases after day three indicates a small degree
of tolerance to brine components. However, by day 10 the experiment reached an 88%
reduction in chlorophyll a content. Had the medium been suitable for the growth of Chlorella
sp. the graph would have shown a straight line indicating that the culture was being maintained
and that the medium was not having a negative effect on the growth of the algae. This sharp
decrease was a result of the increased salinity and introduction of new components present in
brine that have caused a shock to the existing system.
Table 4.1 Ion Analysis of Days 5 and 10 Chlorella sp. Phase A

Day

Ion Analysis mg.L-1 (mg.L-1)
Na

Cl

Mg

Ca

K

Fd
.
5

1759.96

4745.65

1019.52

1157.8

93.6

HCO
3
86.62

SO4

P

B

NO

4068.96

6.5

1.04

24

1297.89

3559.15

502.68

829

67.9

71.98

1854.24

3.25

0.854

19.
6
8.9
6

10

2550.01

5783.75

382.68

1052.6

80.0

172.6

1409.28

2.14

-

pH

TDS

3

6.9
3
8.2
7.2

1464
0
1048
0
1522
4

The ion composition of the growth medium on day zero contained only the components of
BG11 medium. The medium was analyzed on days 5 and 10,
Table 4.1. On these incremental days the medium should have resembled the ionic
composition of the feed solution tested in Phase A. It was observed that the total dissolved
solids (TDS) of the medium by Day 10, 15224 mg .L-1, resembled the TDS of the feed solution,
14640 mg .L-1. This shows a successful change in the full ionic composition of the growth
medium. Some nutrients known to promote algae growth were consumed by the algae, these
include, phosphorus, nitrates and sulphates. The increase of bicarbonate could be attributed to
the algal respiration process. Mg, Ca and K were absorbed by the algae. However, two main
elements were accumulated in the medium; Na and Cl. While the change in salinity and
medium composition was gradual the algae growth was not maintained thus indicating that the
tested incremental increase in salinity was not enough to promote the adaptation of the algae.
This can be explained in terms of the freshwater habitat of the tested Chlorella sp. and its
inability to tolerate high amount of sea salts, which does not agree with the results of
Luangpipat and Chisti 2017 who reported the ability of a Chlorella strain to be a good salttolerant. According to the observations reported by Luangpipat and Chisti 2017, the tested
Chlorella strain showed acceptable growth in presence of seawater salinity 37,000 mg.L-1 and
BG11 media.
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4.1.2 The ability of Nannochloropsis sp. to grow in diluted brine
F/2 medium used to cultivate Nannochloropsis sp. showed no chemical incompatibility with
brine. The medium was previously tested in the work of Y. Chen et al. 2015; Ângelo Paggi
Matos et al. 2015; and J. Liu, Song, and Qiu 2017. Experimental Phases A (ratio 1:1 of brine
and F/2 medium) and B (ratio 1.75:1 brine and F/2 medium) were carried out. Phase A had the

CHLOROPHYLL A CONTENT (MG.L1)

HRT of 5 days while Phase B had a HTR of 7 days.
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Figure 4.2 The measured chlorophyll-a content as function of time representing the growth of Nannochloropsis in the tested
brine using a fed-batch system at HRT=5d (phase B)

Phase A: Figure 4.2 displays growth of Nannochloropsis sp. (during Phase A) represented by
measurements of Chl-a content. During Phase A, Nannochloropsis at a HRT of 5 days the alga
grew considerably well until Day 3 when more than half the bioreactor’s contents was the
diluted brine medium. By Day 4 biomass had decreased back to its level on Day 1. Chl-a
content continued its gradual decent until it reached 0.264 mg. l-1 by day 10, indicating a drop
of 39% from Day 0.
Samples were collected on Days 5 and 10 to compare with the feed components as illustrated
in Table 4.2. The analysis portrays a 5% variation in TDS at Day 10 in comparison to feed
solution. This implies that the system was successful in the gradual displacement of the original
medium and that salt absorption took place. However, the algae failed to grow. When
comparing the initial TDS with the final TDS, after salinity increase, the change amounted to
8.5%. Such a minimal change does not adequately justify the decrease of biomass growth,
especially since Nannochloropsis is known to tolerate higher salinities (J. Liu et al., 2017; Ma
et al., 2016). The only other variable in this experiment that may explain the loss of biomass is
the HRT. The proposed HRT of 5 days may have been insufficient to allow the algae to adapt
to its new environment. This issue was taken into account during Phase B.

81

Sustainable Utilization of Desalination Concentrate

Table 4.2 on Analysis of Days 5 and 10 Nannochloropsis Phase A

Day

Ion Analysis mg.L-1 (mg.L-1)
Na

Cl

Mg

Ca

18953.6

1237.6

2092.2

175.9

5

10000
*
5600.0

HCO
3
172.6

13050.8

830.04

1473.6

90.09

86.62

688.8

10

5700.1

14237.3

1069.9

2026.4

140.4

115.3

1573.9

Fd

K

SO4

P

NO3

B

4928.2
12.15
16.56

19.9

0.912

15.1

1.025

pH

TDS

7.6

40160

7.5

35760

7.4

38240

Phase B: Since the decrease in Chl a content did not exceed 50% in Phase A, Phase B was
administered with an increased feed ratio of brine to f/2 medium, 1.5:0.5. However, in-order to
provide more time to the algae to adapt to the diluted feed solution, the HRT was increased to
7 days. Figure 4.3 represents the results of Phase B algae growth. The figure shows a gradual
decrease in chlorophyll a with an average of 0.04 mg. L-1 per day. By Day 14 there was a 71%
reduction of chl-a indicating very poor algal growth.
Ion analysis samples, taken for the feed solution, Day 7 & 14 are presented in Table 4.3. The

CHLOROPHYLL A CONTENT (MG.L-1)

bioreactors contents for day zero were all F/2 medium components. Similar to the ion analysis
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Figure 4.3 The measured chlorophyll-a content as function of time representing the growth of Nannochloropsis in the
tested brine using a fed-batch system at HRT=7d (phase B)

in Phase A, Phase B showed a minor difference between the initial and final TDS. This increase
in salinity does not justify the failure of Nannochloropsis sp. to grow as it was proven in
literature to survive well in salinity up to 50,000 g.l-1 (Y. Chen et al., 2015; Ângelo Paggi Matos
et al., 2015). The increased HRT tested in phase B was projected to increase the adaptability
of the algae to the new feed by allowing it more time to adapt while. Nevertheless, the alga
was unable to adapt to the new living conditions.
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Table 4.3 Ion Analysis of Days 0, 7 and 14 Nannochloropsis Phase B

Day

Ion Analysis mg.L-1 (mg.L-1)
Na

Cl

Mg

Ca

K

Fd

6742.2

21356.0

2125.6

4552.6

251.2

HCO
3
57.34

7

6418.6

19279.8

1836.8

3605.2

209.9

14

9800.1

21118.7

1864.7

3868.4

284.7

SO4

P

NO3

B

pH

TDS

4475.0

11.85

-

2.499

5.4

46320

86.62

3145.0

12.09

7.84

2.068

7.9

43600

86.62

8514.7

10.15

7.49

2.31

7.1

43200

The observed results in AG1 failed to produce the results required to show that the algae strains
Chlorella and Nannochloropsis sp. can survive in brine (sample 1- Table 3.5). The fed-batch
culture system, described in the FAO manual written by Lavens and Sorgeloos 1996, was
initially adopted for two main reasons. The first reason is to allow for the adaptation of algae
strains to salt stress conditions. The second reason is to find the most suitable HRT in order to
determine the feasibility of growing algae with desalination concentrate on a large scale. This
method is often used to optimize biodiesel production from microalgae (Ashokkumar et al.,
2014). However, attempting to optimize two variables at once caused discrepancies as it was
unclear why the algae was not growing. Accordingly, it was decided to stop adapting the tested
algae strains through the fed-batch culture system and focus mainly on adapting the marine
microalga strain Nannochloropsis sp. to high salt stress conditions though a batch system (J.
Liu et al., 2017; Martínez-Roldán et al., 2014; Simionato et al., 2011). Detailed ion analyses
were conducted to determine if any nutrient uptake took place.

4.2 Algae Experiment Two (AG2)
4.2.1 The growth of Nannochloropsis sp. under different sea salt concentrations
A typical micro-algae growth curve is presented in Figure 4.4. The curve includes five phases:
lag phase, exponential (growth) phase, phase of declining relative growth, stationary phase and
saturation (death) phase (Lavens & Sorgeloos, 1996). During the lag phase the algae adapts to
new conditions, no growth is observed. The exponential phase is where algae growth occurs,
nutrients are absorbed from the medium during this phase. When the algae reach phase 3, strong
competition arises between algae cells for remaining resources, slowing down algae growth.
By phase 4, competition is very high with low nutrient inhibits further growth. By phase 5, the
algae have exhausted all available nutrients causing their numbers to start declining.
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Figure 4.4 Micro-algae growth curve (lavens & Sorgeloos 1996)

The results for S30 and S50 – S80 (salinities 30,000 mg.L-1 and 50,000 mg.L-1 - 80,000 mg.L-1)
are presented in Figure 4.5. Test S30 is to act as a control test for all other trials in AG2, since
the optimum growth medium for the marine algae Nannochloropsis is F/2 medium in seawater
salinity (J. Liu et al., 2017). During this trial, the biomass grew 4-fold in three days highlighting
the healthy status of the culture. The result which indicate absence of any stress on the tested
microalga. Nannochloropsis sp. failed to grow in conditions of S40. Since the salinity is one has
been proven to be suitable for the growth of Nannochloropsis sp.(Abu-Rezq, Al-Musallam, AlShimmari, & Dias, 1999), it was believed that contamination occurred inhibiting the growth of
algae.
All trials presented in Figure 4.5 produced the typical growth curve of algae (Lavens &
Sorgeloos, 1996). S50 reached maximum growth on day 3, with a 4-fold increase in biomass
from day zero. While this test underwent a complete day in the lag phase it was able to reach
similar biomass growth as the control experiment. This result indicates the suitability of the
test’s conditions for the growth of Nannochloropsis sp. Abu-Rezq et al. 1999 grew
Nannochloropsis sp. under a range of salinity conditions and in various temperature ranges. It
was reported that the algae grew best in salinity range 20,000-40,000 mg.L-1 and in the
temperature range 19-21°C. Further research conducted by Gu et al. 2012 tested salt stress on
Nannochloropsis from 15,000 mg.L-1 to 55,000 mg.L-1. Their results also showed a decrease
in growth as salinity increased. The results of this study indicate that Nannochloropsis sp. can
adapt to live in conditions with salinity as high as 60,000 mg.L-1.
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Figure 4.5 The measured chlorophyll-a content as function of time representing the growth of Nannochloropsis in the tested
sea-salts using batch system 30,000 mg.L-1 (A), 50,000 mg.L-1 (B), 60,000 mg.L-1(C), 70,000 mg.L-1(D) and 80,000 mg.L-1(E)

S60-S80 continued to test the effect of salt stress on the biomass growth on Nannochloropsis sp.
The microalgal inoculum used in this phase was part of the biomass generated from phase A,
this is to enhance the adaptability of the microalga to the increasing salinities. A pattern can be
observed in the lag phase of each experiment. As the salinity increases the lag phase extended
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and produces a negative result. This decrease in biomass can be accounted for as the cells adapt
to the change in salinity. An oscillation in the exponential phase was witnessed as the salinity
increases. Such a pattern was not previously noted in literature but can be attributed to the
algae’s adaptation to the medium. Nevertheless, after a prolonged lag phase, the algae’s growth
rapidly rises and biomass growth exceeds levels found in the control test. The algae grew best
in S80 where the Chl-a content increased by 5-fold by the end of day 8. In tests S60 and S70 Chla content increased by 4-fold.
Contrary to literature, these results demonstrate that chlorophyll a was not inhibited by salt
stress, in contrast salt stress, and the increase of nutrient content in medium, seem to have
promoted the growth of algae. Bartley et al. 2013 tested salinities up to 58 PSU (equates to
about 68,000 mg.L-1 (Richard J. Wagner, Robert W. Boulger, Carolyn J. Oblinger, & Brett A.
Smith, 2006)) on the growth of Nannochloropsis Salina, also showing that higher salinity
inhibited cell production. Martínez-Roldán et al. 2014 investigated the response of
Nannochloropsis sp. under salt stress of 13,000, 27,000, 54,000 and 81,000 mg.L-1 NaCl.
While the alga was able to grow, biomass decreased as salinity increased. In comparison with
the results of this work show that Nannochloropsis sp. can be adapted in laboratory conditions
to produce higher growth in salinities up to 80,000 mg.L-1, thus adding to the algal value
worldwide.
4.2.2 The growth of Nannochloropsis sp. in brine with different concentrations and
nutrients
The results of BA, is graphically represented in Figure 4.6. Nannochloropsis sp. was not able
to grow in brine. However, it was noted that the salinity of the brine, in an Egyptian context,
rarely exceeds 75,000 mg.L-1 (Section 3.1.2). Since the algae grew extremely well in all
previous trials with high salinities, it was believed that growth deficiency was due to the lack
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Figure 4.6 Growth of Nannochloropsis sp. in brine sample BA
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The ionic content of brine and F/2 (sea salt base of 30,000 mg.L-1) for the main nutrients N and
P were compared. The level of total nitrogen in the F/2 medium was 1252 mg. L-1, while in
brine it was 22227 mg. L-1. Brine shows no deficit in the total nitrogen content; however, it
was lacking in the nutrient P. Phosphorus in F/2 medium contributes to 0.645 mg. L-1, while in
brine P accounted for less than 1.5 µg. L-1. These results show that the algae may have not
performed well due to the high deficiency of P nutrient.
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Figure 4.7 Growth of Nannochloropsis sp. in brine sample BB

Figure 4.7 represents the results of test BB, inoculation of algae in Brine and F/2 medium ratio
1:1. The algae reached stationary phase on day 7, successfully completing the typical algae
growth curve. The total Chl-a content increased from day 0 to day 8 by 5-fold. In comparison
with the results of the control experiment (S30), BB showed an increased biomass production of
32%. Growth in this medium surpassed the highest growth rate reached all previous trials. This
result clearly highlights that salt stress was no longer a growth limiting factor and that the
nutrient content was responsible for algae growth in brine-containing media. Tests conducted
in Phase C tested different nutrient content and concentrations in brine medium. The results for
tests BC-BH are presented in Figure 4.8.
The pattern described in the lag phase of test S60-S80 was again observed in all tests of Phase
C. Chl-a decreased sharply after algae inoculation as adaptation took place. Tests BC, BF, BG
and BH showed the best growth results, mimicking the typical algae growth curve. On the other
hand, tests BD and BE performed inadequately indicating poor growth conditions. In the case
of BD, the algae increased by 73% from inoculation until day 6, about 2-fold. For BE, the algae
barely maintained its level from the time of inoculation.
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Figure 4.8 Testing Nannochloropsis sp. to grow in brine with different concentrations and nutrients B C - Brine: F/2

nutrients (A), BD - Brine:0.5 F/2 nutrients (B), BE - Brine:0.25 F/2 nutrients (C), B F - Brine: F/2 nutrients without
vitamins (D), BG - Brine: F/2 nutrients with NaNO3 substituted with urea (E), B H - Brine: F/2 nutrients with
NaNO3 substituted with urea and without vitamins

It is often expressed in literature that the price of F/2 nutrients required is the most expensive
aspect of algal growth (J. Liu et al., 2017; Ângelo Paggi Matos et al., 2015). Tests BC-BE
attempted to test the effect of different nutrient concentrations on the growth of algae. BC had
88

Sustainable Utilization of Desalination Concentrate

the full F/2 nutrients in brine medium showing good algal growth. From day zero to day 8 chla increased by about 4-fold. When decreased by half, presented in BD, algae growth reached
46% of the growth attained in full macronutrients, test BC. When decreased by three quarters,
test BE, the alga was not able to grow. These results show that any decrease in the nutrients
inhibits the growth of algae.
The content of F/2 are typically broken down into macronutrients and micronutrients.
Micronutrients include expensive vitamins that are known to enrich biomass growth (Guillard
& Ryther, 1962). BF tested the use of F/2 without the expensive vitamin micronutrients. This
test was successful showing a 3-fold increase from day zero to day six. The results of this test
indicate that some micronutrients may be omitted from the growth medium. This result was
extremely positive since a decrease in expensive micronutrients will decrease the running cost
of such a system and thus making it more sustainable.
As deducted from tests BC-BE, Nannochloropsis sp. needs macronutrients, mainly NaNO3,
specified in the F/2 medium for optimum growth. The chemical is expensive and may not be
economically feasible for scaling up. Adding to that, due to national security reasons, it is
difficult to acquire large quantities of NO3 in Egypt. Therefore, test BG was created using urea
a substitute for NaNO3. Urea is readily available in the market and has a low price. The results
portray an increase of 4-fold in chl-a content from day zero to day eight. This finding surpasses
the biomass growth obtained in BC indicating that urea created more favorable conditions for
algae growth than the recommended F/2 nutrient. Rocha, Garcia, and Henriques 2003
attempted to optimize the growth conditions of Nannochloropsis gaditana finding that adding
urea to F/2 medium promoted growth. This result supports the findings of trial 5, indicating
that in a growth medium of brine, urea can be used as a substitute for NaNO3 in F/2. Test BH
mimicked the conditions of BG, with the exclusion of the vitamin micronutrients. The trial
showed an increase of biomass by about 5-fold from day zero to day eight. Although this
finding surpassed the biomass growth levels obtained in BG and BC indicating at vitamin
micronutrients may be entirely omitted from the growth medium.

4.2.3 The ability of Nannochloropsis sp. to uptake nutrients from growth mediums
An ion analysis was conducted for all tests that showed positive growth. Table 4.4 represents
the percentage change in components from day zero until maximum growth for sea-salt
experiments (Phase A & B) and brine experiments (Phase C). TDS measurements for sea salt
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experiments S30 and S50 witnessed an accumulation of salt in the medium by 32.8 and 17.9%,
respectively. On the other hand, the TDS measurements for S60-S80 show a decrease in the salt
content of the medium by 2.0, 3.3, and 3.0%, respectively. When Nannochloropsis was grown
in brine a decrease of TDS was observed in tests BB and BC by 4.7 and 1.33%, respectively.
All remaining tests showed very little accumulation in the TDS of brine accounting for less
than 1% change. These results indicate that Nannochloropsis sp. algae may be able to uptake
salts under high salt stress conditions. However, similar to the results reported in previous
studies (M. V. Jimenez-Perez et al. 2004; Jiang et al. 2011), the overall decrease in TDS was
minimal.
Table 4.4 Percentage accumulation of components in algal growth mediums - AG2

Percentage uptake TDS mg.l-1 Na+

CI

P

Ca++

TN

Mg++

K+

Sea Salt Experiments
S30

-32.8

2.6

26.4

99.8

-116.8

S50

-17.9

9.5

-43.7

99.9

-104.8

S60

2.0

5.0

1.9

99.7

66.9

21.4

-25.5

53.3

S70

3.3

1.5

5.5

99.8

93.9

12.9

-54.9

52.8

S80

3.0

-2.7

-0.4

99.8

88.7

6.5

-23.7

51.9

BB

4.7

4.1

9.40

99.8

88.6

14.1

15.9

3.1

BC

1.33

9.4

8.98

72.1

99.5

-3.4

24.1

19.7

BD

-2.88

5.7

9.40

92.4

99.7

2.8

21.7

16.5

BE

-0.98

11.2

9.5

95.2

99.4

-7.6

20.3

17.7

BF

-0.92

12.7

8.3

94.1

97.9

-1.8

24.6

18.6

BG

-0.12

11.0

10.0

95.4

98.2

3.5

23.0

18.6

BH

-0.23

8.6

8.4

67.4

99.3

1.8

21.2

19.7

NA

Brine Experiments

More noticeable variations were detected in the changes of the macronutrients in the medium.
Sodium was accumulated in all tests, both in sea-salt experiments and brine experiments, with
the exception of S80 test. The maximum sodium uptake was found in sample BF were 12.7% or
2126 mg.l-1 of the sodium was absorbed by the alga during its growth. A similar uptake trend
was observed in the accumulation of chlorine from the growth medium. With the exception of
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tests S50 and S80 in the sea salt experiments, chlorine was absorbed with an average of 10.9%
across all tests. Based on the following results, Nannochloropsis sp. was able to accumulate
sodium and chlorine from a brine growth medium. However, no noticeable trend was observed
in the algal ability to accumulate salts as salinity increases.
Significant changes in the ionic content of magnesium calcium and potassium were also
shown. In sea-salt experiments, with low initial levels of magnesium (57.7 mg.l-1),
accumulation of the salt in the medium was witnessed in all tests with an average of 34.7%.
However, brine experiments, which includes very high initial levels of magnesium (2933 mg.l1

), showed a unanimous decrease in the level of salt in the medium by an average of 21.5%,

indicating that Nannochloropsis sp. absorbed Mg++ during its growth. Calcium was mainly
absorbed in all tests with the exception of BC, BE and BF. Percentage of absorption of Calcium
was greater in sea-salt experiments than in brine experiments, where the highest absorption
percentages in both categories were 21.4% in S60 and 14.1% in BB. Absorption of potassium
by Nannochloropsis sp. was noticed in all tests strongly highlighting the algal ability to uptake
K+.
Algae are known to uptake nitrogen rich nutrients during growth, and are expected to uptake
the sources of nitrogen present in the growth medium. This fact could be witnessed in the alga’s
behavior towards the accumulation of total nitrogen by the algae. The percentage change of
total nitrogen was very high in all tests with the exception of S30 and S50 where an analysis
error is believed to have occurred. Average percentage uptake of nitrogen in sea-salt and brine
experiments were 83.2 and 97.5%, respectively, indicating high absorption rates from day zero
until the final day. Phosphorus is a valuable nutrient for algae growth and is expected to be
consumed during the growth phase. Phosphorus levels were decreased unanimously along all
trials. Phosphorus levels decreased unanimously with an average of 93.0% across all tests. The
highest percentage uptake, 99.9%, was observed in S50.
The ability of Nannochloropsis to uptake nutrients (Nitrogen and Phosphorus) was recorded in
the work of (M. V. Jimenez-Perez et al., 2004). Several other studies have used
Nannochloropsis sp. as a source of nutrient removal from wastewater sources (Ji, AbouShanab, et al., 2013; Jiang et al., 2011). However, no literature was found pertaining to the
ability of Nannochloropsis to uptake other salts. The results of this contributes to available
literature, concluding that the algae Nannochloropsis is able to uptake different salts from a
brine medium. However, the level of uptake was too little to consider for the purpose of large
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scale reduction in the salinity of brine with. Nevertheless, the optimum conditions for
Nannochloropsis sp. growth in brine were identified therefore the algae may be utilized for
other purposes, like biofuel production as discussed in the literature review.

4.3 Artemia Experiment One (Ar1)
Three tests were conducted in this experiment for the purpose of producing large quantities of
Artemia to transport to the pilot brine tanks. Test (1) depicted an extremely high mortality rate
of 80% between day 1 & 2. By the end of the acclimatization cycle, day 6, about 450 Artemia
were placed in Pilot Tank A (PTA). Figure 4.9 portrays the changing number of Artemia as the
salinity increases. A clear trend can be noted; as the salinity increases the number of Artemia
decreases. This may suggest that the Artemia has a low tolerance to brine and was finding
difficulty in adapting to the new medium.

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

100
90
80
70
60
50
40
30
20
10
0
2

3

4

5

SALINITY

NO. OF LIVING ARTEMIA

Ar1 - Test 1

6

DAY
No. of artemia

Salinity

Figure 4.9 Number of Artemia - Ar1, test 1

The hatchability of test 2 was much higher than in test 1, allowing for densities of 5 Artemia
per ml. By the end of the hatching process about 37,000 Artemia were present in the seawater
container. Incremental acclimatization by 5 mS.cm-1 (4,000 mg.L-1) took place daily until brine
salinity was reached. The medium became fully acclimatized by day 6; however, the density
of Artemia dropped to 1.14 Artemia per 5ml, presented in Figure 4.10. A total of 1490 Artemia
were transported to PTA. Artemia in PTA was monitored daily to check their survival rate;
however, after 2 days the Artemia died and sank to the bottom of the tank. The tank’s feeding
process was continued to ensure a good environment for future batches of Artemia.
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Figure 4.11 Number of Artemia - Ar1, test 2

For trial 3, Figure 4.11 Number of Artemia - Ar1, test 3, Artemia numbers continued to drop
daily as salinity increased. A strange phenomenon occurred during this trial where nearly all
the Artemia died on day 3 of acclimatization. Upon further research, such an unsuspected drop
could be due to the contamination of the Artemia with a specific bacterium. Several aspects of
the growth of Artemia were questioned at this stage.
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Figure 4.10 Number of Artemia - Ar1, test 3

By the end of tests 1-3 the total number of Artemia added into PTA was 2000 Artemia.
Throughout the results of experiments 1-3, the added complication of high Artemia mortality
was emphasized. Since no previous study attempted to grow Artemia in brine, the aim of this
research was simplified in order to understand the complex growth dynamics of Artemia. The
pilot experiment was set aside (feeding in PTA was stopped) and a new focus arose on
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laboratory experiments. Lab tests were set out to test Artemia’s tolerance to salt stress using
brine.

4.4 Artemia Experiment Two (Ar2)
This experiment was designed to test different factors affecting Artemia to determine why the
survival rate of the biomass was very low. All tests in Ar2 were conducted under laboratory
conditions. The experiment was divided into two phases to allow for detailed analysis of
optimum growth conditions. Tests conducted in Ar1 show a direct correlation between salinity
increase and loss of biomass. Phase A tests were designed to focus on the effect of salinity on
Artemia. Phase B delves deeper into other components to assess their impact on the loss of
biomass.
4.4.1 The survival of Artemia, under salt stress: Phase A
Five tests, A-E, were conducted in Phase A. Figure 4.12 portrays the development of Artemia,
in test A, from hatching to day 16. The average survival rate decreased by 14% with each
incremental increase in salinity. Although the rate of biomass loss decreased with time, the
numbers did not stabilize and continued to plummet. The same trend can be witnessed in tests
B-E, Figure 4.13 Figure 4.15 with the exception of test C. Hatch C had a low hatchability rate
and an average decrease in survival rate by 25%. The anomaly results presented in hatch C
were discarded as contamination most likely took place.
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Figure 4.12 Testing the survival of Artemia, under salt stress Test A - Ar2 - Phase A

Each test reached salinity levels of brine on days 7-8. As a means of decreasing stress and
allowing the Artemia to grow, the author decided to decrease the salinity and leave the Artemia
to reach adulthood under laboratory conditions. Such drop in salinity was performed first on
test B. After monitoring it for two days and recognizing no difference in the survival rate, the
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same action was performed on tests A, D and E. The Artemia were left for four days after which
the biomass was counted to test the survival rate.
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Figure 4.13 Testing the survival of Artemia, under salt stress Test B - Ar2 - Phase A

25000

100

20000

80

15000

60

10000

40

5000

20

0

SALINITY (MS/CM)

NO. OF ACTIVE ARTEMIA

Test D - Ar2 - Phase A

0
1

2

3

4

5

6

7

8

9

10

11

12

13

14

DAYS
No. of Active Artemia

Salinity

Figure 4.14 Testing the survival of Artemia, under salt stress Test D - Ar2 - Phase A

The results of counting after salinity stabilization are portrayed in days 16, 14 and 13 in tests
A & B, D and E, of Figure 4.12-Figure 4.15, respectively. Test A experienced a decrease in
survival rate by 75% from day 10 to day 16, the survival rate in test B decreased by 71% from
day 8 to day 16 and hatch E decreased by 70% from day 8 to day 13. Hatch D saw the smallest
decrease in survival rate, 47% from day 9 to day 14; however, this test was affected on day 7
with a contaminant of unknown origin that rapidly increased the fall of the Artemia’s survival
rate. A reason for this decreasing number to Artemia present in all trials may be the existence
of specific bacteria that contaminates the water. Accordingly, all the Artemia were grouped
together. The total number of living Artemia was 9,170 in a volume of 37 liters, a density of
about 250 Artemia per liter. The Artemia was monitored every other day showing no signs of
improving. After five days no Artemia was seen in the tank.
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Figure 4.15 Testing the survival of Artemia, under salt stress Test E - Ar2 - Phase A

All the results presented in Ar2 Phase A indicate that the Artemia cannot survive in brine of
high salinity. This result was extremely puzzling since Artemia is known to live in salinities
much higher than 80,000 mg.L-1 (El-Gamal, 2011; Rahaman et al., 1993). A control test was
performed, hatching Artemia with no salt stress and the results still showed a decrease in
biomass. This led the author to believe that a factor other than salt stress may be causing undue
stress on the Artemia inhibiting its growth.
4.4.2 The survival of Artemia under various conditions of aeration and feed: Phase B
Experiments conducted in Phase B test the different effects of aeration (Test 1) and feed (Test
2) on the survival rate of Artemia. For Aeration tests, two levels of airflow were assessed, low
aeration of 2.5l/min and high aeration of 4l/min. Feeding was not altered from Ar1 and Ar2
Phase A. No salt stress factor was added to the Artemia during its growth. Figure 4.16 presents
the daily count of Artemia in low (A) and high (B) aeration conditions. Artemia hatched and
grown in low aeration, showed a slightly slower decease, about 6%, in the survival rate than in
high aeration. The author deducted that this result is of low significance since the difference
was minor and both set of results shown a similar decreasing curves. However, this experiment
further indicates that it was not the increase of salinity that was killing the Artemia.

Low Aeration

8000
6000
4000
2000
0
1

2

3

4

5

High Aeration

[B]
NO. OF ARTEMIA

NO. OF ARTEMIA

[A]

6

7

8

60000
40000
20000
0
1

DAY

2

3

4

5

6

DAY

Figure 4.16 Assessment of Artemia growth under different air flow. Low aeration (A), high aeration (B); Ar2- Phase B
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Test 2 was designed to assess the impact of different feeding diets of Artemia growth, Figure
4.17. Feeding algae tested include Spirulina algae in powdered form, Dunaliella algae in paste
form and live Tetraselmis algae. Building up on the results from phase A, low aeration was
used for the growth of Artemia in three feeding conditions. Daily samples of Artemia were
counted from each condition and total numbers of Artemia were calculated and presented in
Figure 4.17. Artemia showed poor growth in when fed Spirulina algae, by day 5 only 250
Artemia were left from 77,000 in day 1. Compared to Spirulina feed, when fed Dunaliella paste
algae the lifespan of Artemia increase by 100%. However, Artemia did not survive past day 10
where the death rate was 99%. The same results were obtained when the Artemia was fed live
Tetraselmis algae, although in this case the death rate was slower and more gradual than with
Dunaliella paste algae. Also a noticeable difference was observed between the size of the
Artemia growing in Dunaliella and Tetraselmis.
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Figure 4.17 Assessment of Artemia growth under different feeding diets, Biomass counts of Spirulina (A), Dunaliella (B) and
Tetraselmis (C) are presented; Ar2- Phase B

Random samples of the Artemia were taken and measured under a microscope. More than ten
Artemia from each tank were measured giving an average length of 0.98mm to 1.3mm,
Dunaliella to Tetraselmis, respectively. This result indicates that the Artemia needs live food
at their early stages of life.
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Artemia experiment two attempted to test the growth of Artemia in brine and understand
different stress factors that may affect the growth of Artemia. It was concluded that none of the
tested factors can be causing this consistent trend of Artemia deaths. The main purpose of this
experiment was to show that Artemia can live in brine. Unfortunately, none of the experiments
conducted about could yielded enough scientific evidence to back up this claim. The author
decided to look for local live adult Artemia and test their ability to survive in brine, without
going through hatching and rearing phases.

4.5 Artemia Experiment Three (Ar3)
Artemia experiment three includes the use of live Artemia, of different ages (nauplii, juveniles
and adults), and acclimatizing them to live in brine. The Artemia was brought from the salt
works at The Egyptian Salts & Minerals Company- Emisal, in Fayoum, Egypt.
4.5.1 The survival of Artemia sp.: Phase A
Artemia sp. was placed three conditions to observe its survival. Condition one is presented in
Figure 3.7 (A). The Artemia was placed in warm conditions with little illumination and slow
aeration. Three containers were created, to ensure validity of results. Each container was filled
with a ratio 1:1 brine and water from salt works. A control was set with no brine to ensure that
any differences were due to the addition of brine. The concentration of the mixture was 112
mS.cm-1 (89,600 mg.L-1); this is considered close to the natural conditions were Artemia was
found 123 mS.cm-1 (98,400 mg.L-1) and also close to brine concentration 95 mS.cm-1 (76,000
mg.L-1). For condition one, all the Artemia died within a day of their placement in the set
conditions. However, this does not confirm that Artemia cannot live in brine since the control
experiment reached a similar end result in during the same time period.
A percentage of Artemia gathered were set in outdoor conditions, presented in Figure 3.7 (B).
Aeration and the ratio of brine to salt-work water was set as in condition one. The main
differences in condition two were illumination intensity and temperature (18-30°C). Since the
natural habitat does not contain aeration the author wished to observe the survival rate under
no aeration. A small bottle of 10 Artemia was placed in outdoor conditions with no aeration.
Condition two witnessed a slower death rate than condition one. However, the Artemia was
unable to adapt to the set conditions. The small bottle, with a stocking density of 10 Artemia
per liter and no aeration surprisingly showed the highest survival rate, 20%.
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4.5.2 The survival of Artemia sp.: Phase B
Another trip to Fayoum was taken and a larger quantity of Artemia was gathered. The Artemia
were placed in 2 set-up conditions. Condition one was set-up at AUC. Four tanks, 18 liters
each, were placed inside the lab with temperature regulated at 24°C though air conditioning.
Two tanks were filled with a mixture of brine, salt work water and PTA brine (with natural
growth of Tetraselmis); the other two tanks contained a mixture of brine and salt work water
only. The salinity of all four tanks was set at 80,000 mg.L-1. From each tank small samples of
10 Artemia were taken into small tubes, 3 replicas of each, to estimate the survival rate of the
large tanks. The results are portrayed in the Table 4.5.
The results portray a poor survival rate of Artemia. By the end of day 6 nearly 90% of all the
Artemia had died. The remaining Artemia were moved to PTB outdoor conditions. A count 4
days after showed a total of about 30 Artemia present in 1m3. This result shows that Artemia
was able to live in brine but for a short while.

Table 4.5 Average number of Artemia survival, Ar3 - Phase B - Condition 1

Day
Mixture of 3 water types A
Mixture of 3 water types B
Brine and Salt Works
water A
Brine and Salt Works
water B

0
10
10
10
10

Average Number of Artemia
1
2
3
4
1.3
0
6
3.3
2
6
4
2.5
8

3

1

4
0
0
1

5
0
0
0

1

1

Condition two was set-up in a garden outdoors near the Nile River, see Figure 3.8. This test
builds up of the surprising result discovered in Phase A, where the Artemia in no aeration
provided the best survival rate. Artemia sp. was divided into four buckets each with 5L of
medium. Two of the buckets contain brine while the other two contain water from the salt
works. One of each medium was aerated with an airflow of 4l/min. On day zero the Artemia
numbers were counted to use as a bench scale for future monitoring; the results are presented
in Table 4.6.
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Table 4.6 Average Number of Artemia Day 1, Ar3 - Phase B - Condition 2

Growth condition

Number of living Artemia

Water from Salt work + No aeration

26

Water from Salt work + aeration

35

Brine + No aeration

18

Brine + aeration

16

By day two all the Artemia had died. The author found live nauplii (baby Artemia) living in the
set mediums. The experiment was kept running. The newly hatched Artemia had low numbers
in a large volume resulting in inadequate results when counting was performed. The nauplii
were first observed on Day 4. They have been growing well, with best growth achieved in the
bucket with brine and no aeration. The nauplii were very active, a sign of good health, and
reached the juvenile stage of growth, a stage unseen before during the trials of this thesis. After
one month, the Artemia in all buckets except for the condition of Brine and No Aeration could
no longer be observed. Artemia in Brine and No Aeration continued to grow, coupling was
observed after one month and the Artemia gave birth to live nauplii in brine. Having survived
for more than two months in a medium of brine only, the author may conclude that Artemia is
capable of adapting to live in brine.
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Conclusion and Future works
Egypt is a water scarce country; as a means of combating scarcity the government is planning
to increase dependence on desalination stations. This research tackles the problem of
hypersaline wastewater, brine, from desalination stations, aiming to minimize its effects on the
environment. After an extensive literature review, the author decided to adopt a biological
approach to the management of brine. Two organisms, the Algae Nannochloropsis and the
Zooplankton Artemia, were identified as having potential for growth in brine. Nannochloropsis
is a valuable organism as it is known to be used in the biofuel industry and has the potential to
uptake salts from the water. Furthermore, the growth of algae sequestrates CO2 from the
atmosphere balancing back some of the emissions generated by the desalination industry.
Artemia is a valuable product used as feed in the aquaculture industry and is highly demanded
in Egypt. Five major experiments were conducted in this research with the aim to make brine
more environmentally friendly by generating economic value and decreasing the salt content
of the brine.

5.1 Microalgae
Algae experiments tested the algal ability to grow under conditions of high salt stress and its
ability to uptake salt, thus making brine more environmentally friendly. Algae experiment one
tested the growth of Chlorella and Nannochloropsis under a fed-batch system. The experiment
was not successful in the growth of algae. The main reason being was that a fed-batch system
that optimizes the hydraulic retention time was not allowing the algae enough time to adapt to
high saline conditions. Algae experiment two was conducted on Nannochloropsis sp. alga
using a batch system. Different growth mediums were used to gradually adapt the algae for
growth in high salinity. Tests with sea-salts at salinities of 30,000, 50,000-80,000 mg.l-1 were
first administered showing high growth rate of the algae reaching 5-fold increase in test S80.
Further tests were conducted using brine as the growth medium with different concentrations
of F/2 nutrients and components. The growth rate of the algae in brine rivaled that of the seasalts proving that Nannochloropsis can adapt and flourish in a medium of brine. Further
experimentation was conducted on the use of expensive vitamins to enrich the growth medium
and the use of urea as a substitute for NaNO3 in the F/2 nutrients. Growth results showed little
variation when the vitamins were excluded. Also experiments conducted with urea showed
very high growth rate of about 5-fold. These tests suggest that the exclusion of vitamins and
substitution of NaNO3 with urea will not only reduce the cost of the growth medium making
brine management more environmentally friendly, but will also produce better growth results.
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Algae experiment two also tested the ability of Nannochloropsis sp. to uptake salt.
Nannochloropsis sp. was not able to consistently decrease the TDS of the growth medium. The
levels of TN and P greatly decreased throughout all tests, which is expected as these two
components are important for algal growth. The concentrations of some ions decreased
including sodium, chlorine, calcium, magnesium and potassium. However, the level of uptake
is too little to consider for the purpose of large scale reduction in the salinity of brine with.
Nevertheless, the optimum conditions for Nannochloropsis sp. growth in brine were identified
therefore the algae may be utilized for other purposes, like biofuel production as discussed in
the literature review.

5.2 Zooplankton- Artemia
Artemia experiments were conducted to test the ability of Artemia to survive in brine and
generate large amounts of biomass, aiming to mitigate the effects of brine by generating
economic value. Artemia experiment one aimed at hatching Artemia and moving them directly
to the pilot tanks where their growth would be monitored and cyst production would be
collected and analyzed. After several failed trials of hatching large quantities of nauplii and
acclimatizing them to brine salinity it was decided to narrow the scope of research and focus
only on the growth of Artemia to their adult stage.
Artemia experiment two aimed to look closely at the growth of nauplii trying to determine if
they are able to survive in brine. This experiment demonstrated that the salinity was not the
factor that was causing extremely low survival rates. Aeration experiments showed a slightly
better result when low air was provided to the new hatchlings. Altering feed scenarios displayed
the best results in-terms of growth. Although the survival rate did not drastically change, the
Artemia that were fed live algae were able to growth to greater sizes. Nevertheless, none of
these experiments adequately explained why the survival rate of newly hatched nauplii was
very low. The author noted that while these experiments are extremely important they deviated
from the true aim of the thesis, to determine if Artemia able to live in brine.
Artemia experiment three was thus designed to test if Artemia does survive in brine. Adult
Artemia was brought from Fayoum and set in different conditions attempting to recreate the
natural environment where the Artemia was found. One of the conditions was able to create a
habitat that allowed for testing Artemia in brine. In this condition, four tanks were placed
outdoors, two of which contained 5L of brine while the other two contained 5L of water from
the salt works (natural water where the Artemia was found). One of each tank was aerated with
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air flow of 2l/min, the others were non-aerated. All Artemia died after two short days; however,
the author found that the Artemia has given birth in all four tanks allowing for the adaptation
of a new generation. Close monitoring of the newly hatched nauplii portrayed that they have
adapted to live in brine. Adult stage was achieved in the brine medium proving that Artemia
may be adapted to live in brine.

5.3 Future Works
Future work for algae include testing the lipid content of Nannochloropsis sp. in the optimum
conditions discovered in this research. A fed-bath system may be designed to determine the
best hydraulic retention time. This will help us understand the maximum daily exchange rate
that could take place between inserting brine to a Nannochloropsis sp. algae tank and
harvesting of the algae. Different algae species, namely Dunaliella, Tetraselmis, Chlorella and
Scenedesmus can be tested under different salt stress conditions and brine, to identify the best
algae able to tolerate salt, uptake nutrients and generate economic revenue. Experiments
identifying the algae with the best lipid content and hydraulic retention time under salt stress
conditions and brine are beneficial to understanding the mechanical layout of an algae system
functioning on desalinated wastewater. Future work for Artemia includes discovering the
optimum conditions for the growth of Artemia in brine for the production of cysts.

103

Sustainable Utilization of Desalination Concentrate

References
Abdelkader, A., Elshorbagy, A., Tuninetti, M., Laio, F., Ridolfi, L., Fahmy, H., & Hoekstra, A. Y.
(2018). National water, food, and trade modeling framework: The case of Egypt.
Science of the Total Environment, 639, 485–496.
https://doi.org/10.1016/j.scitotenv.2018.05.197
Abu-Rezq, T. S., Al-Musallam, L., Al-Shimmari, J., & Dias, P. (1999). Optimum production
conditions for different high-quality marine algae. Hydrobiologia (Vol. 403). Retrieved
from https://link.springer.com/content/pdf/10.1023%2FA%3A1003725626504.pdf
Afrasiabi, N., & Shahbazali, E. (2011). RO brine treatment and disposal methods.
Desalination and Water Treatment, 35, 39–53. https://doi.org/10/5004/dwt.2011.3128
Allam, M. N., & Allam, G. I. (2007). Water Resources In Egypt: Future Challeges and
Opportunities Future Challeges and Opportunities. Water International, 32(2), 205–
218. https://doi.org/10.1080/02508060708692201
Ameen, F., Stagner, J. A., & S-K Ting, D. (2018). The carbon footprint and environmental
impact assessment of desalination The carbon footprint and environmental impact
assessment of desalination. International Journal of Environmental Studies , 75(1), 45–
58. https://doi.org/10.1080/00207233.2017.1389567
AOAC. (1995). Method of analysis Association of Official Agriculture Chemists (16th ed.).
Washington, DC. USA.
Ashokkumar, V., Agila, E., Sivakumar, P., Salam, Z., Rengasamy, R., & Ani, F. N. (2014).
Optimization and characterization of biodiesel production from microalgae
Botryococcus grown at semi-continuous system. Energy Conversion and Management,
88, 936–946. https://doi.org/10.1016/j.enconman.2014.09.019
Assiry, A. M. (2011). Application of ohmic heating technique to approach near-ZLD during
the evaporation process of seawater. Desalination, 280(1–3), 217–223.
https://doi.org/10.1016/J.DESAL.2011.07.010
Barnes, J. (2014). Mixing waters: The reuse of agricultural drainage water in Egypt.
Geoforum, 57, 181–191. https://doi.org/10.1016/j.geoforum.2012.11.019

104

Sustainable Utilization of Desalination Concentrate

Bartley, M. L., Boeing, W. J., Corcoran, A. A., Holguin, F. O., & Schaub, T. (2013). Effects of
salinity on growth and lipid accumulation of biofuel microalga Nannochloropsis salina
and invading organisms. Biomass and Bioenergy, 54, 83–88.
https://doi.org/10.1016/J.BIOMBIOE.2013.03.026
Batisha, A. F. (2007). Water Desalination Industry in Egypt. In Eleventh International Water
Technology Conference (IWTC11) (pp. 337–349). Sharm El-Sheikh. Retrieved from
http://ib.adnxs.com/seg?add=1&redir=https%3A%2F%2Fwww.researchgate.net%2Fpr
ofile%2FAyman_Batisha3%2Fpublication%2F237255021_WATER_DESALINATION_INDU
STRY_IN_EGYPT%2Flinks%2F54db11d20cf2ba88a68ef85e%2FWATER-DESALINATIONINDUSTRY-IN-EGYPT.pdf%3Forigin%3Dpubli
Bhutia, T., Petruzzello, M., & Setia, V. (2018). Scenedesmus. Retrieved November 8, 2018,
from https://www.britannica.com/science/Scenedesmus
Bilton, A. M., Wiesman, R., Arif, A. F. M., Zubair, S. M., & Dubowsky, S. (2011). On the
feasibility of community-scale photovoltaic-powered reverse osmosis desalination
systems for remote locations. Renewable Energy, 36(12), 3246–3256.
https://doi.org/10.1016/j.renene.2011.03.040
Bischoff, H. W., & Bold, H. C. (1963). Phycological studies IV. Some soil algae from Enchanted
Rock and related algal species. Univ Texas Publ, 6318, 1–95.
Bleninger, T., & Jirka, G. H. (2008). Modelling and environmentally sound management of
brine discharges from desalination plants. Desalination, 221(1–3), 585–597.
https://doi.org/10.1016/J.DESAL.2007.02.059
Bold, H. C. (1949). The Morphology of Chlamydomonas chlamydogama, Sp. Nov. Bulletin of
the Torrey Botanical Club, 76(2), 101–108. Retrieved from https://www-jstororg.libproxy.aucegypt.edu/stable/pdf/2482218.pdf?refreqid=excelsior%3A3eb8d51715
1136f80a9eab9f7042a3fa
Borowitzka, M. A. (1990). The Mass Culture of Dunaliella Salina. In Regional Seafarming
Development and Demonstration Project (Ed.), Technical Resource Papers Regional
Workshop on the Culture and Utilization of Seaweeds: Volume II. Cebu City: Food and
Agriculture Organization of the United Nations (FAO). Retrieved from
105

Sustainable Utilization of Desalination Concentrate

http://www.fao.org/docrep/field/003/AB728E/AB728E06.htm
Cape Town Government. (2018). Think Water. Retrieved November 4, 2018, from
http://www.capetown.gov.za/Family and home/residential-utility-services/residentialwater-and-sanitation-services/make-water-saving-a-way-of-life
Central Agency for Public Mobilization And Statistics. (2017). Population Census Results.
Retrieved February 24, 2018, from
http://www.capmas.gov.eg/Pages/ShowPDF.aspx?page_id=+%2FAdmin%2FPages+Files
%2F2017109143840cns.pdf
Chapagain, A. K., Hoekstra, A. Y., & Savenije, H. H. G. (2006). Water saving through
international trade of agricultural products. Hydrology and Earth System Sciences,
10(3), 455–468. Retrieved from www.hydrol-earth-syst-sci.net/10/455/2006/
Chapman, R. L. (2013). Algae: the world’s most important &quot;plants&quot;-an
introduction. Mitigation and Adaptation Strategies for Global Change, 18, 5–12.
https://doi.org/10.1007/s11027-010-9255-9
Chen, M., Tang, H., Ma, H., Holland, T. C., Ng, K. Y. S., & Salley, S. O. (2011). Effect of
nutrients on growth and lipid accumulation in the green algae Dunaliella tertiolecta.
Bioresource Technology, 102(2), 1649–1655.
https://doi.org/10.1016/J.BIORTECH.2010.09.062
Chen, X., Goh, Y., Tan, W., Hossain, I., Chen, W. N., & Lau, R. (2011). Lumostatic strategy for
microalgae cultivation utilizing image analysis and chlorophyll a content as design
parameters. Bioresource Technology, 102, 6005–6012.
https://doi.org/10.1016/j.biortech.2011.02.061
Chen, Y., Tang, X., Kapoore, R. V., Xu, C., & Vaidyanathan, S. (2015). Influence of nutrient
status on the accumulation of biomass and lipid in Nannochloropsis salina and
Dunaliella salina. Energy Conversion and Management, 106, 61–72.
https://doi.org/10.1016/j.enconman.2015.09.025
Chiu, S.-Y., Kao, C.-Y., Chen, T.-Y., Chang, Y.-B., Kuo, C.-M., & Lin, C.-S. (2015). Cultivation of
microalgal Chlorella for biomass and lipid production using wastewater as nutrient

106

Sustainable Utilization of Desalination Concentrate

resource. Bioresource Technology, 184, 179–189.
https://doi.org/10.1016/j.biortech.2014.11.080
Cohen, Y., Semiat, R., & Rahardianto, A. (2017). A Perspective on Reverse Osmosis Water
Desalination: Quest for Sustainability. American Institute of Chemical Engineers, 63(6),
1771–1784. https://doi.org/10.1002/aic.15726
Cook, H. L., & Murphy, M. A. (1969). The Culture of Larval Penaeid Shrimp. Transactions of
the American Fisheries Society, 98(4), 751–754. https://doi.org/10.1577/15488659(1969)98[751:TCOLPS]2.0.CO;2
Cooley, H., Gleick, P. H., & Wolff, G. (2006). Desalination with a Grain of Salt. Okland.
Retrieved from www.pacinst.org
Department of Water Affairs, S. (2011). National Water Resource Strategy (NWRS).
Retrieved from
http://www.dwa.gov.za/nwrs/LinkClick.aspx?fileticket=WIXBU9U2xzg%3D&tabid=91&
mid=496
Eaton, A. D., Clesceri, L. S., Rice, E. W., & Greenberg, A. E. (2005). Standard methods for the
examination of water and wastewater (21st ed.). Washington, DC. USA.: American
Public Health Association (APHA).
Egypt Independent. (2018, April 4). Egypt establishing 19 desalination plants to use Red and
Mediterranean Seas’ waters. Egypt Independent. Retrieved from
https://www.egyptindependent.com/egypt-establishing-19-desalination-plants-to-usered-and-mediterranean-seas-waters/
Egyptian Environmental Affairs Agency. (2010). Egypt: Second National Communication
under the United Nations Framework Convention on Climate Change. Cairo. Retrieved
from http://www.eeaa.gov.eg/portals/0/eeaaReports/N-CC/CCCD-Egypt-SNC.pdf
Egyptian Environmental Affairs Agency. (2016). Egypt: Third National Communication under
the United Nations Framework Convention on Climate Change. Cairo. Retrieved from
http://www.eeaa.gov.eg/portals/0/eeaaReports/N-CC/Egypt’s third national
communication report .pdf

107

Sustainable Utilization of Desalination Concentrate

Egyptian Environmental Affairs Agency (EEAA). (1999). The Arab Republic of Egypt: Initial
National Communication on Climate Change. Cairo. Retrieved from
http://unfccc.int/resource/docs/natc/egync1.pdf
El-Gamal, M. M. (2011). Respiration of Artemia franciscana cultured under different
salinities. Animal Biology, 61, 413–425. https://doi.org/10.1163/157075511X596891
El-Sayed, A. B., & Abdel-Maguid, A. . (2010). Immobilized-microalga Scenedesmus sp . for
Biological Desalination of Red Sea Water : II . Effect on Macronutrients Removal.
Journal of American Science, 6(9), 637–643.
El-Sergany, F. A. R., El-Fadly, M., & El-Nadi, M. H. A. (2014). Desalination Using Algae Ponds
under Nature Egyptian Conditions. American Journal of Environmental Engineering,
4(4), 75–79. https://doi.org/10.11648/j.wros.20140306.11
Elimelech, M., & Phillip, W. A. (2011). The Future of Seawater Desalination: Energy,
Technology, and the Environment. Science, 333(6043), 712–717. Retrieved from
https://www-jstororg.libproxy.aucegypt.edu/stable/pdf/27978386.pdf?refreqid=excelsior%3A0cacb218f5
003759eefa0c51189beae6
EPA. (1991). Methods for determination of metals in environmental samples. Washington
DC.
FAO. (2016). Middle East. Retrieved November 4, 2018, from
http://www.fao.org/nr/water/aquastat/countries_regions/profile_segments/meastWR_eng.stm
Fawley, K. P., & Fawley, M. W. (2007). Observations on the Diversity and Ecology of
Freshwater Nannochloropsis (Eustigmatophyceae), with Descriptions of New Taxa.
Protist, 158, 325–336. https://doi.org/10.1016/j.protis.2007.03.003
Fleifle, A. E., Valeriano, O. C. S., Nagy, H. M., Elfetiany, F. A., Tawfik, A., & Elzeir, M. (2013).
Simulation-Optimization Model for Intermediate Reuse of Agriculture Drainage Water
in Egypt. Journal of Environmental Engineering , 139(3), 391–401.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000605

108

Sustainable Utilization of Desalination Concentrate

Flider, F. J. (2004). Salicornia: An oilseed for saltwater agriculture. Infrom, 15(1), 78–79.
Retrieved from http://aocs.files.cms-plus.com/inform/2004/1/salicornia.pdf
Fuentes-Bargues, J. L. (2014). Analysis of the process of environmental impact assessment
for seawater desalination plants in Spain. Desalination, 347, 166–174.
https://doi.org/10.1016/j.desal.2014.05.032
Gan, X., Shen, G., Xin, B., & Li, M. (2016). Simultaneous biological desalination and lipid
production by Scenedesmus obliquus cultured with brackish water. Desalination, 400,
1–6. https://doi.org/10.1016/j.desal.2016.09.012
Gigante, B. M. (2013). Saline adaptation of the microalga Scenedesmus dimorphus - From
fresh water to brackish water. Cleveland State University. Retrieved from
https://etd.ohiolink.edu/!etd.send_file?accession=csu1382355969&disposition=inline
Giwa, A., Dufour, V., Al Marzooqi, F., Al Kaabi, M., & Hasan, S. W. (2017). Brine management
methods: Recent innovations and current status. Desalination, 407, 1–23.
https://doi.org/10.1016/j.desal.2016.12.008
Glenn, E. P., Brown, J. J., & O’Leary, J. W. (1998, August). Irrigating Crops with Seawater.
Scientific American , 76–81. Retrieved from
http://www.desertcorp.com/documents/Potential-of-Salt-Agriculture-in-ScientificAmerica.pdf
Gosling, S. N., & Arnell, N. W. (2016). A global assessment of the impact of climate change
on water scarcity. Climatic Change, 134, 371–385. https://doi.org/10.1007/s10584013-0853-x
Gu, N., Lin, Q., Li, G., Qin, G., Lin, J., & Huang, L. (2012). Effect of Salinity Change on Biomass
and Biochemical Composition of Nannochloropsis oculat. Journal of the World
Aquaculture Society, 43(1), 97–106.
Gude, V. G. (2017). Desalination and water reuse to address global water scarcity. Reviews
in Environmental Science and Bio/Technology, 16, 591–609.
https://doi.org/10.1007/s11157-017-9449-7
Guillard, R. R. L., & Ryther, J. H. (1962). Studies of Marine Planktonic Diatoms: I. Cyclotella
109

Sustainable Utilization of Desalination Concentrate

Nana Hustedt, and Detonula Confervacea (Cleve) Gran. Canadian Journal of
Microbiology , 8(2), 229–239. Retrieved from
https://aucegypt.illiad.oclc.org/illiad/illiad.dll?Action=10&Form=75&Value=36772
Ibrahim, F. N., & Ibrahim, B. (2003). Egypt : an economic geography. I.B. Tauris.
ICARDA. (2013). Methods of soil, plant and water analysis: A manual for the West Asia and
North Africa region. (G. Estefan, R. Sommer, & J. Ryan, Eds.) (3rd ed.). Beirut, Lebanon:
Internatinal Center for Agricultural Research in Dry Areas.
International Desalination Association (IDA). (2018). Desalination by the Numbers. Retrieved
November 4, 2018, from http://idadesal.org/desalination-101/desalination-by-thenumbers/
Ismail, M. M., Essam, T. M., Ragab, Y. M., & Mourad, F. E. (2016). Biodegradation of
ketoprofen using a microalgal-bacterial consortium. Biotechnology Letters, 38, 1493–
1502. https://doi.org/10.1007/s10529-016-2145-9
Jacobsen, S.-E. (2003). The Worldwide Potential for Quinoa (Chenopodium quinoa Willd.).
Food Reviews International, 19, 167–177. https://doi.org/10.1081/FRI-120018883
Ji, M.-K., Abou-Shanab, R. A. I., Kim, S.-H., Salama, E.-S., Lee, S.-H., Kabra, A. N., … Jeon, B.-H.
(2013). Cultivation of microalgae species in tertiary municipal wastewater
supplemented with CO 2 for nutrient removal and biomass production. Ecological
Engineering, 58, 142–148. https://doi.org/10.1016/j.ecoleng.2013.06.020
Ji, M.-K., Kim, H.-C., Raghavulu Sapireddy, V., Yun, H.-S., I Abou-Shanab, R. A., Choi, J., …
Jeon, B.-H. (2013). Simultaneous nutrient removal and lipid production from pretreated
piggery wastewater by Chlorella vulgaris YSW-04. Applied Microbiology and
Biotechnology, 97, 2701–2710. https://doi.org/10.1007/s00253-012-4097-x
Jiang, L., Luo, S., Fan, X., Yang, Z., & Guo, R. (2011). Biomass and lipid production of marine
microalgae using municipal wastewater and high concentration of CO 2. Applied
Energy, 88, 3336–3341. https://doi.org/10.1016/j.apenergy.2011.03.043
Jordan, F. L., Yoklic, M., Morino, K., Brown, P., Seaman, R., & Glenn, E. P. (2009).
Consumptive water use and stomatal conductance of Atriplex lentiformis irrigated with
110

Sustainable Utilization of Desalination Concentrate

industrial brine in a desert irrigation district. Agricultural and Forest Meteorology,
149(5), 899–912. https://doi.org/10.1016/J.AGRFORMET.2008.11.010
Katzir, L., Volkmann, Y., Daltrophe, N., Korngold, E., Mesalem, R., Oren, Y., & Gilron Jack.
(2010). WAIV -- Wind aided intensified evaporation for brine volume reduction and
generating mineral byproducts. Desalination and Water Treatment, 13, 63–73.
https://doi.org/10.5004/dwt.2010.772
Kim, B.-H., Ramanan, R., Kang, Z., Cho, D.-H., Oh, H.-M., & Kim, H.-S. (2016). Chlorella
sorokiniana HS1, a novel freshwater green algal strain, grows and hyperaccumulates
lipid droplets in seawater salinity. Biomass and Bioenergy, 85, 300–305.
https://doi.org/10.1016/j.biombioe.2015.12.026
Klee, A. J. (2003). The Toy Fish: A History of the Aquarium Hobby in America: The First OneHundred Years. Pascoag: Finley Aquatic Books.
Krienitz, L., Hepperie, D., Stich, H. B., & Weiler, W. (2000). Nannochloropsis limnetica
(Eustigmatophyceae), a new species of picoplankton from freshwater. Phycologia, 39,
219–227.
Krienitz, L., Huss, V. A. R., & Bock, C. (2015). Chlorella: 125 years of the green survivalist.
Trends in Plant Science, 20(2), 67–69. https://doi.org/10.1016/j.tplants.2014.11.005
Kucera, J. (2014). Desalination : water from water. New Jersey: Wiley & Sons. Retrieved
from http://lib.aucegypt.edu/record=b2645396
Kummu, M., Guillaume, J. H. A., de Moel, H., Eisner, S., Flörke, M., Porkka, M., … Ward, P. J.
(2016). The world’s road to water scarcity: shortage and stress in the 20th century and
pathways towards sustainability. Scientific Reports, 6(1), 1–16.
https://doi.org/10.1038/srep38495
Lattemann, S., & Höpner, T. (2008). Environmental impact and impact assessment of
seawater desalination. Desalination, 220, 1–15.
https://doi.org/10.1016/j.desal.2007.03.009
Lavens, P., & Sorgeloos, P. (Eds.). (1996). Manual on the production and use of live food for
aquaculture. Rome: Food and Agriculture Organization of the United Nations (FAO).
111

Sustainable Utilization of Desalination Concentrate

Lazarova, V., Levine, B., Sack, J., Cirelli, G., Jeffrey, P., Muntau, H., … Brissaud, F. (2001). Role
of water reuse for enhancing integrated water management in Europe and
Mediterranean countries. Water Science and Technology, 43(10), 25–33. Retrieved
from https://iwaponline.com/wst/article-pdf/43/10/25/428796/25.pdf
Lesico CleanTech. (2014). WAIV enhanced evaporation system for brine management.
Retrieved January 5, 2019, from https://www.youtube.com/watch?v=OztDPRw2Qvc
Lim, C. E. (1998). Feeding Penaeid Shrimp. In Nutrition and Feeding of Fish (pp. 227–248).
Boston, MA: Springer US. https://doi.org/10.1007/978-1-4615-4909-3_13
Liu, J., Song, Y., & Qiu, W. (2017). Oleaginous microalgae Nannochloropsis as a new model
for biofuel production_ Review ampamp; analysis. Renewable and Sustainable Energy
Reviews, 72, 154–162. https://doi.org/10.1016/j.rser.2016.12.120
Liu, Y., & Yildiz, I. (2018). The effect of salinity concentration on algal biomass production
and nutrient removal from municipal wastewater by Dunaliella salina. International
Journal of Energy Research, 42(9), 2997–3006. https://doi.org/10.1002/er.3967
Luangpipat, T., & Chisti, Y. (2017). Biomass and oil production by Chlorella vulgaris and four
other microalgae — Effects of salinity and other factors. Journal of Biotechnology, 257,
47–57. https://doi.org/10.1016/j.jbiotec.2016.11.029
M. V. Jimenez-Perez, P. Sanchez-Castillo, O. Romera, D. Fernandez-Moreno, & C. PerezMartinez. (2004). Growth and nutrient removal in free and immobilized planktonic
green algae isolated from pig manure. Enzyme and Microbial Technology, 34, 392–398.
https://doi.org/1016/j.enzmictec.2003.07.010
Ma, X.-N., Chen, T.-P., Yang, B., Liu, J., & Chen, F. (2016). Lipid Production from
Nannochloropsis. Marine Drugs, 14(61), 1–18. Retrieved from
http://web.b.ebscohost.com.libproxy.aucegypt.edu:2048/ehost/pdfviewer/pdfviewer?
vid=1&sid=baba4e14-4f33-4c44-8d38-817fff09f8b9%40sessionmgr120
Martinetti, C. R., Childress, A. E., & Cath, T. Y. (2009). High recovery of concentrated RO
brines using forward osmosis and membrane distillation. Journal of Membrane Science,
331(1–2), 31–39. https://doi.org/10.1016/J.MEMSCI.2009.01.003

112

Sustainable Utilization of Desalination Concentrate

Martínez-Roldán, A. J., Perales-Vela, H. V, Cañizares-Villanueva, R. O., & Torzillo, G. (2014).
Physiological response of Nannochloropsis sp. to saline stress in laboratory batch
cultures. Journal of Applied Phycology, 26, 115–121. https://doi.org/10.1007/s10811013-0060-1
Matos, Â. P., Feller, R., Helena, E., Moecke, S., & Sant’anna, S. (2015). Biomass, lipid
productivities and fatty acids composition of marine Nannochloropsis gaditana cultured
in desalination concentrate. Bioresource Technology , 197, 48–55.
https://doi.org/10.1016/j.biortech.2015.08.041
Matos, Â. P., Ferreira, W. B., Torres, R. C. de O., Morioka, L. R. I., Canella, M. H. M., Rotta, J.,
… Sant’Anna, E. S. (2015). Optimization of biomass production of Chlorella vulgaris
grown in desalination concentrate. Journal of Applied Phycology, 27, 1473–1483.
https://doi.org/10.1007/s10811-014-0451-y
Mekonnen, M. M., & Hoekstra, A. Y. (2016). Four billion people facing severe water scarcity.
Science Advances, 2. https://doi.org/10.1126/sciadv.1500323
Missimer, T. M., Maliva, R. G., & Whitaker, U. A. (2018). Environmental issues in seawater
reverse osmosis desalination: Intakes and outfalls. Desalination, 434, 198–215.
https://doi.org/10.1016/j.desal.2017.07.012
Morillo, J., Usero, J., Rosado, D., El Bakouri, H., Riaza, A., & Bernaola, F.-J. (2014).
Comparative study of brine management technologies for desalination plants.
Desalination, 336, 32–49. https://doi.org/10.1016/J.DESAL.2013.12.038
Nashed, A., Sproul, A. B., & Leslie, G. (2014). Water resources and the potential of brackish
groundwater extraction in Egypt: a review. 4 Journal of Water Supply: Research and
Technology, 63(6), 399–428. https://doi.org/10.2166/aqua.2014.162
Nasr, P., & Sewilam, H. (2015). The potential of groundwater desalination using forward
osmosis for irrigation in Egypt. Clean Technologies and Environmental Policy, 17, 1883–
1895. https://doi.org/10.1007/s10098-015-0902-4
Nassar, A. (2018, February 25). Egypt plans to face water scarcity, allots LE 900B. Egypt
Today. Retrieved from https://infoweb-newsbank-

113

Sustainable Utilization of Desalination Concentrate

com.libproxy.aucegypt.edu/apps/news/documentview?p=AWNB&t=pubname%3AEETC%21Egypt%2BToday%2B%2528Cairo%252C%2BEg
ypt%2529&sort=_rank_%3AD&fld-base-0=alltext&maxresults=20&val-base0=Egypt%27s Water Challenges&docref=news/16A505
National Research Council. (2008). Desalination: A National Perspective. Washington DC:
National Academies Press. https://doi.org/10.1002/9781118809167.ch8
Nour El-Din, M. M. (2013). Proposed Climate Change Adaptation Strategy for the Ministry of
Water Resources &amp; Irrigation in Egypt. Cairo. Retrieved from
http://www.eeaa.gov.eg/portals/0/eeaaReports/CCRMP/7. CC Water Strategy/CC Final
Submitted 8-March 2013 AdptStrtgy.pdf
O’Brien, S. (2010). Our Inland Sea: Exploring the Great Salt Lake. USA.
Oren, A. (2005). A hundred years of Dunaliella research: 1905–2005. Saline Systems, 1(2).
https://doi.org/10.1186/1746-1448-1-2
Peterson, A., & Murphy, K. (2015). Tolerance of Lowland Quinoa Cultivars to Sodium
Chloride and Sodium Sulfate Salinity. Crop Science, 55, 331–338.
https://doi.org/10.2135/cropsci2014.04.0271
Petruzzello, M., & Rimsa, C. (2018). Chlorella. Retrieved November 9, 2018, from
https://www.britannica.com/science/Chlorella
Purnama, A., Al-Barwani, H. H., & Al-Lawatia, M. (2003). Modeling dispersion of brine waste
discharges from a coastal desalination plant. Desalination, 155, 41–47. Retrieved from
www.elsevier.comAocate/desal
Rahaman, A. A., Sosomma, E., & Ambikadevi, M. (1993). Hydrobiology of Two Solar
Saltworks in India - II. Seventh Symposium on Salt, 1, 645–655.
Richard J. Wagner, Robert W. Boulger, Carolyn J. Oblinger, & Brett A. Smith. (2006).
Guidelines and Standard Procedures for Continuous Water-Quality Monitors: Station
Operation, Record Computation, and Data Reporting. Reston. Retrieved from
https://pubs.usgs.gov/tm/2006/tm1D3/pdf/TM1D3.pdf
Rijsberman, F. R. (2006). Water scarcity: Fact or fiction? Agricultural Water Management,
114

Sustainable Utilization of Desalination Concentrate

80(1–3), 5–22. https://doi.org/10.1016/J.AGWAT.2005.07.001
Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M., & Stanier, R. Y. (1979). Generic
Assignments, Strain Histories and Properties of Pure Cultures of Cyanobacteria. Journal
of General Microbioogy, 111, 1–61. Retrieved from www.microbiologyresearch.org
Rishi, V., Tripathi, S., & Awasthi, A. K. (2016). Diversity and Significance of Genus
Scenedesmus (Meyen) in River Ganga at Kanpur, India. International Journal of Current
Microbiology and Applied Sciences, 5(8), 584–592.
https://doi.org/10.20546/ijcmas.2016.508.065
Rocha, J. M. S., Garcia, J. E. C., & Henriques, M. H. F. (2003). Growth aspects of the marine
microalga Nannochloropsis gaditana. Biomolecular Engineering, 20(4–6), 237–242.
https://doi.org/10.1016/S1389-0344(03)00061-3
Rosenberry, R. (2009). About Shrimp Farming. Retrieved April 18, 2017, from
http://www.shrimpnews.com/About.html
Sadiq, I. M., Dalai, S., Chandrasekaran, N., & Mukherjee, A. (2011). Ecotoxicity study of
titania (TiO2) NPs on two microalgae species: Scenedesmus sp. and Chlorella sp.
Ecotoxicology and Environmental Safety, 74, 1180–1187.
https://doi.org/10.1016/j.ecoenv.2011.03.006
Sadrzadeh, M., & Mohammadi, T. (2008). Sea water desalination using electrodialysis.
Desalination, 221(1–3), 440–447. https://doi.org/10.1016/J.DESAL.2007.01.103
Samir, S. (2018, October 14). Egypt’s per capita share of water declines to 570 m3/year in
2018. Egypt Today. Retrieved from https://infoweb-newsbankcom.libproxy.aucegypt.edu/apps/news/documentview?p=AWNB&t=pubname%3AEETC%21Egypt%2BToday%2B%2528Cairo%252C%2BEg
ypt%2529&sort=_rank_%3AD&fld-base-0=alltext&maxresults=20&val-base0=Egypt%27s Water Challenges&docref=news/16F0F7
Sánchez, A. S., Nogueira, I. B. R., & Kalid, R. A. (2015). Uses of the reject brine from inland
desalination for fish farming, Spirulina cultivation, and irrigation of forage shrub and
crops. Desalination, 364, 96–107. https://doi.org/10.1016/J.DESAL.2015.01.034

115

Sustainable Utilization of Desalination Concentrate

Sandeep, K. P., Shukla, S. P., Harikrishna, V., Muralidhar, A. P., Vennila, A., Purushothaman,
C. S., & Ratheesh Kumar, R. (2013). Utilization of inland saline water for Spirulina
cultivation. Journal of Water Reuse and Desalination, 3(4), 346–356.
https://doi.org/10.2166/wrd.2013.102
Sayre, R. (2010). Microalgae: The Potential for Carbon Capture. BioScience, 60(9), 722–727.
https://doi.org/10.1525/bio.2010.60.9.9
Shawky, H. (2016). Desalination: The Future of Fresh Water in Egypt. Cairo: Cairo Climate
Talks (CCT). https://doi.org/10.1007/s10926-007-9108-x
Shiklomanov, I. (1993). World Fresh Water Resources. In P. H. Gleick (Ed.), Water in crisis : a
guide to the world’s fresh water resources (p. 473). New York: Oxford University Press.
Retrieved from http://lib.aucegypt.edu/record=b1250737
Shirazi, S., & Arroyo, J. (2010). Water Reuse as a Water Management Strategy for Small
Communities in Texas. Retrieved from
http://www.twdb.texas.gov/innovativewater/reuse/doc/TAWWA_2010.pdf
Simionato, D., Sforza, E., Corteggiani Carpinelli, E., Bertucco, A., Giacometti, G. M., &
Morosinotto, T. (2011). Acclimation of Nannochloropsis gaditana to different
illumination regimes: Effects on lipids accumulation. Bioresource Technology, 102(10),
6026–6032. https://doi.org/10.1016/J.BIORTECH.2011.02.100
Sorgeloos, P. (1980). The use of the brine shrimp Artemia in aquaculture. In G. Persoone, P.
Sorgeloos, O. Roels, & E. Jaspers (Eds.), The Brine Shrimp Artemia. Vol 3 (pp. 25–46).
Wetteren, Belgium: Universa Press.
Sorgeloos, P., Baez-Mesa, M., Benijts, F., Bossuyt, E., Bruggeman, E., Claus, C., … Versichele,
D. (1977). The use of the brine shrimp (Artemia Salina) in Aquaculture. In 3rd Meeting
of the I.C.E.S. Working Group on Mariculture (pp. 21–25). Brest. Retrieved from
https://www.researchgate.net/publication/29494492
The World Bank. (2007). Making the Most of Scarcity. Washington, D.C. Retrieved from
http://siteresources.worldbank.org/INTMNAREGTOPWATRES/Resources/Making_the_
Most_of_Scarcity.pdf

116

Sustainable Utilization of Desalination Concentrate

UN. (2009). ESCWA Water Development Report 3: Role of Desalination in Addressing Water
Scarcity. New York. Retrieved from
http://large.stanford.edu/courses/2013/ph240/rajavi2/docs/sdpd-09-4.pdf
United Nations Department of Economic and Social Affairs (UNDESA). (2015). Water
scarcity. Retrieved November 3, 2018, from
http://www.un.org/waterforlifedecade/scarcity.shtml
United Nations Geological Survey (USGS). (2018). Water properties: The water in you.
Retrieved November 3, 2018, from https://water.usgs.gov/edu/propertyyou.html
United States Geographical Survey (USGS). (2016). How much water is there on Earth.
Retrieved November 3, 2018, from https://water.usgs.gov/edu/earthhowmuch.html
United States Geological Survey (USGS). (2016). The World’s Water. Retrieved November 3,
2018, from https://water.usgs.gov/edu/earthwherewater.html
Vos, J., & de la Rosa, N. L. (1980). Manual on Artemia Production in Salt Ponds in the
Philippines. Quezon City. Retrieved from
http://www.fao.org/docrep/field/003/AC062E/AC062E00.htm
Wada, Y., Van Beek, L. P. H., & Bierkens, M. F. P. (2011). Hydrology and Earth System
Sciences Modelling global water stress of the recent past: on the relative importance of
trends in water demand and climate variability. Hydrology Earth System Sciences, 15,
3785–3808. https://doi.org/10.5194/hess-15-3785-2011
Wada, Y., van Beek, L. P. H., Viviroli, D., Dürr, H. H., Weingartner, R., & Bierkens, M. F. P.
(2011). Global monthly water stress: 2. Water demand and severity of water stress.
Water Resources Research, 47(7), 1–17. https://doi.org/10.1029/2010WR009792
Wali, F. (2014, November 26). The future of desalination research in the Middle East.
https://doi.org/10.1038/nmiddleeast.2014.273
Wang, T., Ge, H., Liu, T., Tian, X., Wang, Z., Guo, M., … Zhuang, Y. (2016). Salt stress induced
lipid accumulation in heterotrophic culture cells of Chlorella protothecoides:
Mechanisms based on the multi-level analysis of oxidative response, key enzyme
activity and biochemical alteration. Journal of Biotechnology, 228, 18–27.
117

Sustainable Utilization of Desalination Concentrate

https://doi.org/10.1016/j.jbiotec.2016.04.025
Wilkenfeld, J. S., Lawrence, A. L., & Kuban, F. D. (1984). Survival, Metamorphosis and
Growth of Penaeid Shrimp Larvae Reared on a variety of Algal and Animal Foods.
Journal of the World Mariculture Society, 15(1–4), 31–49.
https://doi.org/10.1111/j.1749-7345.1984.tb00134.x
World Water Assessment Programme (WWAP). (2012). World Water Development Report 4.
Retrieved from
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/WWDR4 Volume 1Managing Water under Uncertainty and Risk.pdf
Xevgenos, D., Moustakas, K., Malamis, D., & Loizidou, M. (2016). An overview on
desalination &amp; sustainability: renewable energy-driven desalination and brine
management. Desalination and Water Treatment, 57(5), 2304–2314.
https://doi.org/10.1080/19443994.2014.984927
Xin, L., Hong-Ying, H., & Yu-Ping, Z. (2011). Growth and lipid accumulation properties of a
freshwater microalga Scenedesmus sp. under different cultivation temperature.
Bioresource Technology, 102, 3098–3102.
https://doi.org/10.1016/j.biortech.2010.10.055
Yang, H., & Zehnder, A. J. B. (2002). Water Scarcity and Food Import: A Case Study for
Southern Mediterranean Countries. World Development, 30(8), 141–1430. Retrieved
from www.elsevier.com/locate/worlddev
Yang, I.-S., Salama, E.-S., Kim, J.-O., Govindwar, S. P., Kurade, M. B., Lee, M., … Jeon, B.-H.
(2016). Cultivation and harvesting of microalgae in photobioreactor for biodiesel
production and simultaneous nutrient removal. Energy Conversion and Management,
117, 54–62. https://doi.org/10.1016/j.enconman.2016.03.017
Znad, H., Al Ketife, A., Judd, S., AlMomani, F., & Babu Vuthaluru, H. (2018). Bioremediation
and nutrient removal from wastewater by Chlorella vulgaris. Ecological Engineering,
110, 1–7. https://doi.org/10.1016/j.ecoleng.2017.10.008

118

Sustainable Utilization of Desalination Concentrate

119

Sustainable Utilization of Desalination Concentrate

Annex I: Breakdown of Components in different mediums
Ionic analysis of seawater in the Red Sea and the Mediterranean Sea. Seawater used
throughout the Artemia experiments was brought from the Mediterranean Sea.
Table 6I.1 Breakdown of components found in seawater, Mediterranean Sea and the Red Sea

Ion

Mediterranean Sea

Red Sea

mg.L-1

mg.L-1

Cl

21500.0

23850.0

Na

11669.5

12993.5

SO4

2500.0

2500.0

Mg

1450.0

1520.0

K

490.0

520.0

Ca

450.0

495.0

HCO3

145.0

145.0

CO3

26.1

28.2

B

6.0

6.0

Sr

5.0

5.0

CO2

0.45

0.45

F

0.1

0.1

SiO2

0.1

0.1

Ba

0.1

0.1

NO3

0.0

0.0

NH4

0.0

0.0
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Analysis of water obtained from the salt works at Emisal Company.
Table 6.2 Component breakdown of brine water from salt works company’s second evaporator

Ion

Salt works- Emisal Company
mg.L-1

Cl

45411.1

Na

28520.0

SO4

32677.4

Mg

7985.0

K

984.4

Ca

1076.0

HCO3

380.0

NO3-

20.65

NH4+

*<1.0

Total Nitrogen

2796

P

*<1.5

Fe

*<0.2

As

*<1.5

Cd

*<0.1

* Detection limit µg. l-1
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Components of the Bold Basal Medium (BBM) adapted from (Bischoff & Bold, 1963; Bold,
1949). This medium was used for the growth of Chlorella algae in AG1.
Table 6.3 Components of BBM source: (Bischoff & Bold, 1963; Bold, 1949)

#

Component

Stock solution

Addition per 1 L culture

(g. L-1 dH2O)

medium (ml)

1

NaNO3

25.00

10

2

CaCl2.2H2O

2.50

10

3

MgSO4.7H2O

7.50

10

4

K2HPO4

7.50

10

5

KH2PO4

17.50

10

6

NaCl

2.50

10

7

Alkaline EDTA solution
EDTA (titriplex III)

50 g

1

KOH

31 g

8

Acidified Iron solution
FeSO4 x 7 H2O

4.98

1

11.42

1

H2SO4
9

Boron Solution
H3BO3

Trace Metals Solution

10
ZnSO4 7H2O

0.307 µM

MnCl2 4H2O

7.28 µM

MoO3

4.93 µM

CuSO4 5H2O

6.29 µM

Co(NO3)2 6H2O

1.68 µM
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